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Biomaterials play an increasingly prominent important role in the development and 
success of tissue engineering, particularly in the regeneration or reestablishment of 
tissue functions and organs. The improvement in the understanding of the role of 
biomaterials in the formation and regeneration of new tissue has promoted faster and 
more effective developments in this area. 
Biomaterials based on electroactive polymers have gained special interest in the 
scientific community for applications in tissue engineering, in particular for mechano-
sensitive tissues (bone, ligaments/tendons) and electroative tissues (brain cells, heart 
and muscles). Among them, piezoelectric materials show a strong application potential 
due to their ability to mimic specific biological environments through electrical 
stimulation. 
The main objective of this study was to produce scaffolds with different morphologies 
(fibers, particles and three-dimensional scaffolds) based on piezoelectric polymers, 
poly(vinylidene fluoride) (PVDF), poly(hydroxybutyrate) (PHB) and poly(L- lactic 
acid) (PLLA) for tissue engineering applications. Plasma treatments were also used to 
modify the wettability of the materials. 
Thus, PVDF samples were processed by electrospinning technique and plasma 
treatments were performed under oxygen atmosphere for different times and applied 
power, in order to modify the wettability of the hydrophobic fiber surface. It was 
observed that plasma treatments didn´t significantly change the average fiber diameter 
(~ 400 ± 200 nm) or the physicochemical properties of the membranes, in particularly 
the β-phase content (~ 80-85 %) and the crystallinity degree (42 ± 2 %), showing that 
this is a suitable method to obtain superhydrophilic membranes.  
PVDF microspheres were processed by electrospray technique. Among the different 
processing parameters, polymer concentration was the one that most influenced the 
microspheres formation. Microspheres with average diameter ranging between 
0.81±0.34 μm and 5.55±2.34 μm with a β-phase content between 63-74 % and a degree 
of crystallinity between 45 and 55% were obtained from dilute or semi-dilute solutions. 
Cell viability assays demonstrated the potential of the PVDF microspheres for tissue 
engineering applications.  
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Three dimensional scaffolds based on PVDF with different porosities were produced 
using three different methods: solvent casting with sodium chloride (NaCl), solvent 
casting and freeze extraction using nylon and poly (vinyl alcohol) (PVA) templates. 
Regardless of the processing method, the scaffolds showed polymer crystallization in 
the β-phase and a degree of crystallinity of ~ 45%. Mechanical tests demonstrated the 
suitability of the materials for tissue engineering applications. 
PHB membranes were processed by electrospinning and the influence of processing 
parameters on the size and distribution of fibers was studied. It was found that the 
average fiber diameter of the PHB membranes decreased with decreasing internal 
diameter of the needle and increased with increasing applied electric field and flow rate 
up to ~ 2.0 µm. The processing parameters didn´t affect the crystalline phase of the 
PHB membranes yielding a degree of crystallinity of 53%. Further, cell viability studies 
proved the suitability of the material for tissue engineering applications. 
Plasma treatments under argon and oxygen atmospheres were performed with thin films 
and PLLA membranes obtained by solvent casting and electrospinning, respectively. 
The average diameter of the fibers didn´t change significantly for argon (866 ± 361 nm) 
or oxygen (1179 ± 397 nm) treatments. However, it was found an increase of the 
roughness of the films. Surface wettability studies proved that plasma treatments 
allowed to obtain superhydrophilic or low contact angles on membranes and films, with 
no influence on cell viability.  
PLLA microspheres with sizes between 0.16 and 3.9 μm and a degree of crystallinity of 
40% and composite PLLA microspheres with cobalt ferrite nanoparticles (CoFe2O4) in 
the range of 0.8 to 2.2 μm were produced by emulsifying an oil (PVA solution) in 
water. PLLA spheres proved to be more stable in alkaline environments compared to 
magnetic composite PLLA microspheres. Moreover, it was found that the introduction 
of nanoparticles promoted the amorphous state in PLLA. It was shown that PLLA 
microspheres with and without CoFe2O4 particles didn´t inhibit cellular viability. 
In conclusion, it was demonstrated the possibility of processing different electroactive 
polymers in the form of microspheres, fibers, membranes and three-dimensional 
scaffolds, as well as evaluated the possibility to modify their wettability. This work 
represents thus a relevant contribution for increasing the use of these materials in 





Os biomateriais desempenham um papel cada vez mais proeminente no 
desenvolvimento e sucesso da engenharia de tecidos, nomeadamente na regeneração ou 
no restabelecimento da função de tecidos/órgãos do corpo humano. Os avanços 
registados relativamente à compreensão do papel dos biomateriais na formação de 
novos tecidos e na sua regeneração têm promovido uma maior rapidez e eficácia nos 
estudos desenvolvidos nesta área.  
Biomateriais à base de polímeros eletroativos têm despertado especial interesse na 
comunidade científica, para aplicações em engenharia de tecidos, nomeadamente para 
tecidos mecano-sensitivos (osso, ligamentos/tendões) e tecidos eletroativos (neurónios, 
coração e músculos). Em particular, materiais eletroativos à base de polímeros 
piezoelétricos apresentam uma forte potencialidade por serem capazes de mimetizar o 
ambiente biológico do tecido através de estímulos eletromecânicos.  
O principal objetivo do presente trabalho consistiu na produção de scaffolds com 
diferentes morfologias (fibras, partículas e scaffolds tridimensionais) baseados em 
polímeros piezoelétricos, o poli(fluoreto de vinilideno) (PVDF), poli(hidroxibutirato) 
(PHB) e o poli(L-ácido láctico) (PLLA) para aplicações de engenharia de tecidos. 
Igualmente, foram utilizados tratamentos de plasma para modificar a hidrofobicidade 
dos materiais. 
Deste modo, foram processadas membranas de PVDF pela técnica de electrospinning e 
realizados tratamentos de plasma sobre atmosfera de oxigénio para diferentes tempos de 
tratamento e potência aplicada de modo a modificar a molhabilidade da superfície 
hidrofóbica das fibras. Foi observado que o plasma não altera significativamente o 
diâmetro médio das fibras (~400±200 nm) nem as suas propriedades físico-químicas 
nomeadamente o conteúdo de fase β (~80-85%) e o seu grau de cristalinidade (42±2 %) 
demonstrando ser um método eficaz na obtenção de membranas superhidrofílicas.  
Microesferas de PVDF foram processadas pela técnica de electrospray. De todos os 
parâmetros estudados (concentração de polímero e parâmetros de processamento) 
verificou-se que a concentração de polímero é aquela que mais influência a formação de 
microesferas. Microesferas com diâmetros médios variando entre os 0,81±0,34 μm e 
5,55±2,34 μm com um conteúdo de fase β entre os 63-74% e um grau de cristalinidade 
entre 45 e 55% foram obtidas através de soluções diluídas ou semi-diluídas. Ensaios de 
viabilidade celular demonstraram a potencialidade destas microesferas para aplicações 
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em engenharia de tecidos. Scaffolds tridimensionais à base de PVDF com diferentes 
porosidades foram produzidos recorrendo a três métodos distintos: solvent casting – 
com cloreto de sódio (NaCl), solvent casting e extração a frio utilizando telas de nylon e 
poli(vinil álcool) (PVA). Independentemente do método de processamento utilizado, os 
scaffolds apresentam a fase β e um grau de cristalinidade de ~ 45 %. Ensaios mecânicos 
demostraram a viabilidade dos materiais para a aplicação em causa. 
Membranas de PHB foram produzidas por electrospinning, realizando-se igualmente 
um estudo da influência dos parâmetros de processamento no diâmetro e distribuição de 
fibras. Assim, verificou-se que o diâmetro médio das fibras de PHB diminui com o do 
diâmetro interno da agulha e aumenta com o aumento do campo elétrico aplicado e taxa 
de fluxo até ~2,0 μm. Os parâmetros de processamento não influenciaram a fase 
cristalina das membranas de PHB tendo sido obtido um grau de cristalinidade de 53%. 
Estudos de viabilidade celular comprovaram a sua potencialidade para aplicações na 
área de engenharia de tecidos. Tratamentos de plasma sobre atmosferas de árgon e 
oxigénio foram efetuados em filmes e membranas de PLLA obtidas por solvent casting 
e por electrospinning, respetivamente. O diâmetro médio das fibras não sofreu uma 
alteração significativa para o árgon (866±361 nm) nem para o oxigénio (1179±397 nm) 
tendo-se, no entanto, verificado um aumento da rugosidade dos filmes. Estudos de 
molhabilidade de superfície demonstraram ser possível obter membranas 
superhidrofílicas e filmes com um menor valor de ângulo de contacto, não 
influenciando a viabilidade celular.  
Microesferas de PLLA com tamanhos compreendidos entre os 0,16 -3,9 μm e um grau 
de cristalinidade de 40% e microesferas compósitas de PLLA com nanopartículas de 
ferrita de cobalto (CoFe2O4) na ordem dos 0,8-2,2 μm foram produzidas pelo método de 
emulsão de um óleo (solução de PVA) em água. Esferas de PLLA demonstraram ser 
mais estáveis em ambientes alcalinos comparativamente às esferas de PLLA 
magnéticas. Verificou-se que a introdução de nanopartículas promove o estado amorfo 
no PLLA. Foi demonstrado que as microesferas de PLLA com e sem partículas de 
CoFe2O4 não inibem a viabilidade celular. 
Em conclusão, testou-se a possibilidade de processar diferentes polímeros eletroativos 
nas formas de microesferas, fibras, membranas e scaffolds tridimensionais, sendo 
igualmente provada a possibilidade de modificar a sua molhabilidade. Este trabalho 
representa um contributo relevante para a crescente utilização destes materiais em 
estratégias inovadoras de engenharia de tecidos. 
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Tissue engineering often rely on scaffolds for supporting cell differentiation and 
growth. New paradigms for tissue engineering include the need of active or smart 
scaffolds, in particular piezoelectric polymers, in order to properly regenerate specific 
tissues. The present chapter presents a state of art of the main concepts of tissue 
engineering and piezoelectric materials used for this application, which are essential for 
the present work. This chapter also indicates the main objectives of the study and the 
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1.1. Tissue engineering 
 
The interdisciplinary field of tissue engineering combine principles and innovations 
from engineering, cells and micro environmental factors [1-3]. The fundamental concept 
involves the combination of a supporting matrix with living cells and/or biologically 
active molecules with the aim to regenerate damaged tissues instead of replacing them 
by developing biological substitutes that restore, maintain or improve tissue function [4, 
5]. The supporting matrix that essentially act as a template for tissue formation is often 
called scaffold and it is needed to provide the appropriate environment for tissue and 
organs regeneration thought the necessary physico-chemical or mechanical stimuli. In 
this sense, scaffolds play a key role in the cells accommodation, migration, growth and 
differentiation [5, 6]. The cells-seeded scaffolds can be either cultured in vitro to 
synthetsze tissues or directly implanted in vivo into the injured site.  
Different tissue engineering strategies can be applied (Figure 1.1a). Basically, they 
consist in selecting the appropriate cells, materials and biochemical and physical signals 





Figure 1.1. a) Schematic representation of different strategies for tissue engineering: 1—the 
cells can be harvested directly from the patient; A—scaffold implanted directly; B—cells 
cultured in scaffolds and then implanted; C—cells cultured in scaffolds with appropriate signal, 
namely chemical (such as growth factors) and physical (such as mechanical using a bioreactor) 
and then implanted. b) Tissue engineering strategies for bone regeneration. 




The cells can be harvested directly from the patient or stem cells can be used to be 
combined with a biomaterial scaffold to grown in vitro without (route B of Figure 1.1a) 
or with (route C of Figure 1.1a) signals and then implanted. It should be also noted that 
bioreactors are used for “in vitro” culture in tissue engineering in an attempt to simulate 
an in vivo physiological environment. The scaffolds can also be implanted directly to 
facilitate cell regeneration in vivo (route A of Figure 1.1a). Figure 1.1b shows a 
promising strategy for the repair or regeneration of damaged bone. This tissue 
engineering therapy involves harvesting healthy cells (adult or stem cells) culturing 
them in an appropriate scaffold for growth in vitro in a bioreactor which will provide 
the proper biochemical and physical stimulus and then implanted.  
 
1.1.1. General requirements of scaffolds 
 
Metals, alloys, ceramic and polymers are being used for the development of scaffolds 
for tissue engineering applications. Together with the materials physico-chemical 
properties, some general requirements are needed for proper scaffold performance [7]. 
The structure of the scaffolds has influence in the transmission of biochemical, 
morphological, electrical and mechanical signals. Thus, the architecture of the scaffold 
defines the ultimate shape of the newly grown soft or hard tissue [5], the surface 
properties of the scaffolds and resulting cellular response playing an essential role in 
tissue engineering applications [8, 9].  
The suitability and success of the scaffold as a support depends on some key issues that 
must be addressed before material selection and design for specific tissue engineering 
applications [5, 6]. Thus, the scaffold must be biocompatible, allowing cell infiltration 
in order to promote a specific cellular response and stimulate tissue regeneration [5, 6]. 
After implantation, the scaffold must stimulate a negligible immune reaction in order to 
prevent severe inflammatory response that might reduce healing or cause rejection by 
the body [8, 10]. Scaffolds must preferentially be biodegradable in many cases, to allow 
cells to produce their own ECM. The degradation products should also be non-toxic and 
eliminated from the body via natural occurring processes without interference with 
other organs [6]. Additionally, the scaffold should show mechanical properties 
consistent with the replaced tissue into which is to be implanted [6]. Scaffolds with 
appropriate mechanical properties are a great challenge in tissue engineering due to the 
fact that healing rate is age dependent and a match between the mechanical properties 




and material degradation must occur [5, 6]. In general, high mechanical properties are 
obtained in detriment of the high porosity present in the samples and consequently some 
limitations arise during in vitro experiments due to insufficient capacity of 
vascularization which is specially important in bone regeneration. A commitment 
between mechanical properties, porosity and porous architecture sufficient enough to 
allow cell infiltration and vascularization is a key to success of any scaffold [5]. In 
particular, bone or cartilage tissue engineering, where the tissue are continuously 
exposed to mechanical stimulus while walking or exercising, the scaffold must present 
sufficient mechanical integrity during the time of implantation attending to the fact that 
the healing rates varying with age [11]. The scaffold architecture characteristics (pore 
size, degree of porosity, pore interconnectivity and permeability) are also a critical 
requirement. The interconnection of the pores into the scaffold and a high porosity is 
necessary to ensure cell penetration, adequate diffusion of nutrients to cells and to allow 
the diffusion of waste products out of the scaffold [5, 6]. The pore size needs to be large 
enough to allow cells to migrate into the scaffold and small enough to establish a 
sufficiently high surface leading to a minimal ligand density promoting the efficient 
binding of a critical number of cells to the scaffold. The easy processing of the materials 
into three dimensional complex shapes is thus critically important for the successful 
translation of tissue engineering strategies to the clinic [5, 6].  
 
1.1.2. Biomaterials for tissue engineering 
 
Metals, alloys and ceramic materials are being replaced by polymers in different 
application areas including aerospace and automotive industries, electronics, sensors, 
actuators and tissue and biomedical engineering. Different processing techniques have 
been developed for the production of polymers with tailored properties, including 
electrical, mechanical, thermal, chemical and surface properties, among others, 
addressing specific applications demands [12, 13].  
Polymers present attractive properties when compared to inorganic materials. They are 
light weight, inexpensive, mechanically and electrically tough, they show excellent 
compatibility with other organic and inorganic materials for the development of 
multifunctional hybrid systems, and some of them are biodegradable and/or 
biocompatible [14-16]. 




The increasing advances in materials science and engineering is allowing the 
improvement and optimization of the so-called smart materials and, in particular, smart 
polymer materials, for a larger number of application areas [17-21]. 
Smart materials are materials with reproducible, significant and stable variations of at 
least one property when subjected to external stimuli. Smart materials are typically 
classified according to the output response and include piezoelectric materials, materials 
that develop a voltage when a mechanical stress is applied or vice-versa; shape memory 
materials, in which a large deformation can be induced and recovered by temperature or 
stress variations; temperature responsive polymers, magnetostrictive materials, pH 
sensitive materials, self-healing materials, thermoelectric materials and conductive 
polymers, among others [22-24]. These materials are also generally knowns as active 
materials. 
Particularly interesting for sensor and actuator applications, are materials that undergo 
deformation under a specific stimuli or that provide a specific stimuli under mechanical 
force and/or deformation. Depending on the transduction mechanism, they can be 
broadly classified as non-electrically deformable polymers (actuated by non-electric 
stimulus such as pH, light and temperature, for example) and electroactive polymers 
(EAP) when the transduction mechanism involves electro-mechanical coupling. The 
later are further classified as dielectric EAP, which electromechanical response is 
dominated by electrostatic forces and ionic EAP which actuation mechanism involves 
the diffusion of ions [25, 26]. Electrically conductive polymers are another class of 
electrically active materials that is attracting increased attention as they show 
simultaneously high conductivity and the physico-chemical properties of polymers [27-
29]. 
In the last decades, a variety of natural and synthetic materials with various molecular 
designs emerged as potential biomaterials for tissue and biomedical engineering [30]. 
Natural materials are attractive for biomedical and related applications as they are 
obtained from natural sources, exhibiting similar properties to the tissue they are 
replacing, many of them containing specific cues for cell adhesion and proliferation and 
allowing cell infiltration [31]. On the other hand, polymers from natural origin are often 
difficult to process and show poor mechanical and electrical properties [32]. In this way, 
a variety of synthetic polymers such as poly(lactic acid) (PLA) [33, 34], poly(glycolic 
acid) (PGA) [35, 36], poly(lactic-co-glycolic acid) (PLGA) [37, 38], poly(ethylene 




glycol) (PEG) [39, 40], and poly(caprolactone) (PCL) [41] have been widely used to 
produce materials/scaffolds for tissue engineering [42]. 
Although an extensive list of polymers have been studied regarding tissue engineering 
applications, most of the developed scaffolds have been used in a passive way, just as 
support for the cells and tissues [43]. Nevertheless, it was verified that for some specific 
cells and tissues, the active behavior of the material used for the scaffold development 
can be taken to advantage, providing even the necessary stimuli for proper tissue 
regeneration. This fact gave rise to the strong increase of the development of smart 
materials for tissue engineering applications [44]. 
Being electrical signals one of the main physical stimuli present in the human body and, 
in particular, the electromechanical signals, this work is devoted on piezoelectric 
polymers for tissue engineering applications.  
In a piezoelectric material (Figure 1.2), an electrical response due to mechanical 
excitation or vice versa can be observed. In these types of materials a certain anisotropy 
in its structure is required. In synthetic polymers that are in the noncrystalline or 
semicrystalline form and are originally isotropic, they are typically subjected to a poling 
procedure (such as corona) to meet this requirement [45]. 
 
 
Figure 1.2. Schematic representation of the piezoelectric effect (piezoelectric material 
representation at the bottom of the image) and corresponding cell culture on piezoelectric 
supports a) without and b) with mechanical stimulus, the later leading to an electrical potential 
variation of the materials which, in turn, inﬂuences cell response. 
The most common way to describe the piezoelectric effect is by the so-called direct 
effect, where the piezoelectric dij coefficient is given by (Equation 1.1). 














     (1.1) 
where D is the electric induction; E is the electric field strength; X is the mechanical 
stress; and 𝑥 is the strain [46]. In this sense, it is possible to observe that the 
piezoelectricity is the relation between the electrical variables (D and E) and the 
mechanical parameters (X and 𝑥). 
With respect to the so-called inverse piezoelectric effect, the eij coefficient is obtained 











    (1.2) 
The direct piezoelectric effect (dij) concerns the conversion of the mechanical energy 
into electrical energy while the inverse piezoelectric effect (eij) describes the conversion 
of electrical energy into mechanical energy. 
 
1.2. Electrical cues in human body 
 
Many of the major functions in cells and organs of the human body are controlled by 
electrical signals. As early as in the 18th century it is described the use of electrostatic 
charge for skin lesion treatment [47] and in 1983, electrical potentials ranging between 
10 and 60 mV, depending on the human body location were measured [48]. 
Electric fields and potentials induce distinct effects on cells and it has been proven that 
small applied electric fields can guide a variety of different cell types to move and 
migrate directionally such as corneal, epidermal and epithelial cells [49-52]; can 
modulate the phenotypes of vascular endothelial cells [53]; can regenerated nerve fibers 
[54] and are widely used in orthopedic practices, showing the improvement of ligament 
healing in vivo [55]. 
 
1.2.1. Piezoelectricity in human body 
 
Extensive and classic studies of the piezoelectric properties of bone and other biological 
materials have also been reported. The piezoelectricity can be referred as an extended 
property of living tissue, playing a significant role in several physiological phenomena 
[56]. Piezoelectricity can be found in different parts of the human body (Figure 1.3) 




such as bone, tendon, ligaments, cartilage, skin, dentin, collagen, deoxyribonucleic 
acids (DNA) and conceivably, in cell membranes [56-61]. 
 
 





Bone is a dynamic tissue in constant adaptation and remodeling through complex 
feedback mechanisms, involving electromechanical processes, due to its piezoelectric 
characteristics. Due to its piezoelectric nature, bone is the paradigm for piezoelectric 
electromechanical effect in human tissue [62]. 
The first study reporting the piezoelectric properties of the bone was in 1955 [63]. Few 
years later, electric currents in bone and the generation of electric potentials when the 
bone is mechanically stressed were verified [64, 65]. This phenomenon, recognized as 
piezoelectricity, is independent of cell viability. The mechanical stress produces 
electrical signals and these signals represent the stimulus that promotes bone growth 
and remodeling according to Wolff's law [66]. The biomechanical properties of bone, in 
particular its piezoelectric activity, have been addressed microscopically [67] and 
macroscopically, with models using finite element analysis [68]. Further, it has been 
also hypothesized a mechanism by which the piezoelectric signals can regulate bone 
growth [69]. At the cellular level, the bone cell type that plays an important role in the 




bone structure development and appears to be involved in bone mechanotransduction, 
the osteocytes, was identified [70]. Consequently, for bone regeneration, these cells 
communicate with other bone cells, such as osteoblasts and osteoclasts. The influence 
of electrical stimulation on bone healing has been studied in vitro [71-77] and in vivo 
[78-83] and it has been demonstrated that the application of these stimulus can enhance 
and stimulate osteogenic activities. In this way, the osteoblasts are affected by 
electromechanical signals to apposite bone tissue [84, 85], the piezoelectric nature of 
bone, leading to natural conversion of the mechanical stimuli into electrical ones. 
 
1.2.1.2. Collagen and other piezoelectric tissues 
 
Due to their collagenous structure, tendons and ligaments also exhibit piezoelectricity, 
giving rise, therefore, to an electrical potential variation when a mechanical stress is 
applied [86, 87]. The piezoelectricity of dry tendons was measured [88], as well as the 
electrical potentials generated in hydrated tendon [89, 90], the piezoelectric coefficient 
decreasing with increasing hydration [91]. 
Piezoelectric effect has been also observed in different soft tissues, such as skin, callus, 
cartilage and tendons, as well as in hard ones, such as bone, and appears to be 
associated with the presence of oriented fibrous proteins [56, 92]. All connective tissue 
contains one or more types of fibrous molecules such as, collagen, keratin, fibrin, 
elastin, reticulum or cellulose structure, showing also piezoelectric properties [56].  
It seems evident from the literature that the piezoelectric effect can be attributed to the 
main organic constituent of tissue, which is collagen in the case of the bone and tendons 
[93, 94]. Thus, it has been shown that the crystalline unit of collagen is polar hexagonal 
(C6) [67], showing piezoelectric properties. Further, as previously indicated, it has been 
shown that dry bone is piezoelectric, i.e., a mechanical stress induces a polarization 
(direct effect) and an application of an electric field produces a change in the material 
geometry or strain (converse effect). It was reported that for dry fibers, the polarization 
results from the displacement of the hydrogen bonds formed in the polypeptide chains 
of the collagen crystals. Thus, in [95] the piezoelectric and pyroelectric behavior of 
collagen were measured independently from the bone, confirming that the electroactive 
properties arise from the structure of collagen molecules. It was suggested that the 
crystalline structure of collagen changed under wet conditions and that bound water 
promotes a change in its crystal symmetry to the point where no piezoelectric properties 




were observed [89, 96]. A certain minimum amount of water concentration, which 
increases crystal symmetry, is nevertheless required to maintain the overall structural 
integrity. Further, it was also suggested that, due to the variability of the electroactive 
behavior of collagen in wet and dry states, wet bone shows different piezoelectric 
symmetry relation [89, 96]. More recently, studies of the piezoelectric response of 
human bone using a piezoresponse force microscope, in order to measure this effect at 
nanometer scale resolution directly in the collagen matrix, resulted in the quantification 
of the piezoelectric response in 7 – 8 pC.N-1 [97]. 
With respect to other biological tissues, the electrical polarization variations were also 
verified in hair when subjected to stress [98] as well as in DNA [75]. Finally, 
investigations in the calcifications commonly found in human pineal gland tissues 
resulted in the determination that pineal gland contains non centrosymmetric material 
which, according to crystallographic symmetry considerations, is also piezoelectric [99]. 
 
1.3. Piezoelectric soft biomaterials and structures 
 
General for all materials used as scaffolds, the design of these bioactive biomaterials is 
another important parameter to consider and a suitable morphology, in combination to 
the piezoelectric characteristics, has to be optimized for proper cell response.  
Many manufacturing methods have been developed to process biomaterials into 
scaffolds with different dimensionalities and morphologies [100, 101]. Different 
structures of biomaterials including microspheres, fibers, porous membranes, hydrogels 
and sponges have been designed and used in tissue engineering [30]. However, effects 
of internal biomaterials structures remain largely unexplored and the comparison of cell 
response in the different structures types remains elusive  
Porous scaffolds have been obtained by solvent casting/salt leaching, phase separation, 
gas foaming, gel casting, precipitation and emulsion freeze-drying [100, 101]. The main 
drawbacks of these methods are associated with the microstructural features and 
inaccurate and limited pore interconnectivity that is disadvantageous for uniform cell 
seeding and tissue growth [42, 102]. These major drawbacks can be overcome by the 
used of fibrous scaffolds produced by electrospinning, a method that offers the ability of 
control the pore interconnectivity and moreover the internal and external morphology of 
the fibers, which sizes in the order of the extracellular matrix of the cells, by controlling 




processing parameters such as applied voltage, solution viscosity and conductivity, 
among others [102]. Moreover, electrospinning allows the production of scaffolds with 
small pore size, density and high surface area [101, 102]. The scaffolds pores should be 
large enough to allow cell migration, where they eventually become bound to the 
ligands within the scaffold. Therefore, for any scaffold, a critical range of pore sizes 
exists, which may vary depending on the cell type and tissue being engineered [5]. The 
fiber diameter of the scaffolds produced by electrospinning can range from 5 nm to a 
few microns [102]. A similar method to electrospinning is electrospray, which allows 
the preparation of polymeric micro- and nanoparticles that can also be used as support 
for cell expansion and differentiation [103]. Other methods can be used for particle 
formation however this method might overcome some of the drawbacks associated with 
conventional microparticle-producing methods, such as solvent casting, single and 
double emulsion, spray-drying, porous glass membrane emulsification and coacervation 
[104]. 
More recently, rapid prototyping (RP) technologies also known as solid free-form 
fabrication (SFF) allows translating computer data files such as computer-aided design 
(CAD), computed tomography (CT), magnetic resonance imaging (MRI) and convert 
the digital information through layered manufacturing SFF machines into a 3D scaffold 
[101, 102, 105]. Three-dimensional printing (3DP), fused deposition modeling (FDM), 
stereolithography apparatus (SLA) and selective laser sintering (SLS) are widely been 
applied in the fabrication of materials with unique geometries with controllable pore 
architecture which could not obtained by conventional methods [102]. Various 
biomaterials are commonly used in RP technologies such as PEG, PLGA, PCL, 
collagen, starch, hyaluronic acid (HA) and tricalcium phosphate (TCP) [6, 100, 106]. 
However, to the best of our knowledge few studies report the production of 
piezoelectric scaffolds by these methods, being stereolithography the most commonly 
used method for the fabrication of piezoelectric scaffolds based on poly(L-lactic acid) 
PLLA [6]. 
These scaffold structures have to be achieved with the few natural and synthetic 
materials exhibiting piezoelectric properties, the most relevant ones, with the respective 
piezoelectric properties being reported in Table 1.1 and 1.2, respectively. 
 
 




Table 1.1. Biodegradable polymers with natural origin and corresponding main piezoelectric 










Crab shell 0.20 
Lobster apodeme 1.50 










Elongated ﬁlms of ﬁbrinogen-
thrombin clot 
0.20 
Deoxyribonucleic acids salmon 
DNA (at -100 ºC) 
0.07 
 
However, to demonstrate the suitability and effect of the piezoelectric properties for 
tissue engineering applications, synthetic polymers have been mostly chosen instead the 
natural ones for their use as scaffolds. These have known compositions and can be 
designed to minimize immune response. They can be tailored to produce a wide range 
of scaffold geometries and hybrid structures by combining polymers with other organic 
or inorganic hybrid structures. 
 
Table 1.2. Piezoelectric properties of natural and synthetic polymers. 
Polymer 
Dielectric constant 
(1 kHz; 25ºC) 




PLA 3.0 – 4.0 9.82 [107, 108] 
Poly(hydroxybutyrate) (PHB) 2.0 – 3.5 1.6 – 2.0 [109, 110] 
PVDF 6 - 12 24 - 34 [111, 112] 
Poly(vinylidene fluoride-
trifluoroethylene) (PVDF-TrFE) 
18 38 [112] 
Polyamide-11 5 4 [113] 
 
Among all polymers, PVDF [114] and vinylidene fluoride (VDF) [115] copolymers, are 
the synthetic, semi-crystalline polymers with the highest electroactive properties, 
including piezoelectric, pyroelectric and ferroelectric properties [115]. 




As mentioned above, it is possible to find electrical activity and even piezoelectricity in 
many parts of the human body. For that reason, it seems to be advantageous to employ 
biomaterials based on piezoelectric properties for active tissue engineering of specific 
tissues. 
 
1.4. Tissue engineering based on piezoelectric polymers 
 
Studies of the use of piezoelectric polymers for tissue engineering applications are 
mostly devoted to bone, neural and muscle regeneration. Table 1.3 summarizes the main 
works using piezoelectric polymers, the intended applications and scaffold morphology, 
together with the cultivated cells. 




Table 1.3. Material type, scaffold design and cells used for different applications. * indicates that dynamic assays have been performed. 
Applications Material type Scaffold design Cells type used Reference 
Bone 
regeneration or  
Bone tissue 
engineering 
PVDF and copolymer  
Films 
MC3T3-E1 





Human mesenchymal stem cells 
(MSCs) 
[120] 
Blends membranes (porous) NIH3T3 mouse fibroblast [121] 
PLLA 
Films Implementation on male cats [122] 
Fibers 
Human fetal osteoblasts (hFOB) 
Human mandible–derived 
mesenchymal stem cells (hMSCs) 
[123] 
[124] 
PHB and copolymers  
Films Bone marrow cells [125] 
Fibers 
Human osteoblasts (HOB)  
Bone marrow cells 
[126] 
[125] 





Fibers - hydrogel D-periodic 
type I collagen fibrils 
Rat tail tendon  [128] 
3D matrices 
Human fetal osteoblastic cells 
(hFOB 1.19) and Bovine 
osteoblasts 








Blends membranes (porous) NIH3T3 mouse fibroblast [121] 
PVDF-
TrFE/starch/NR 




in vivo evaluation of rats 









Osteoblastic cells from human 
alveolar bone fragments 
Fibroblasts from human 






bone powders (DBP) 
Fibers hMSCs [124] 
PLLA covered with 
bonelike apatite  
3D Porous Scaffold Saos-2 osteoblast-like cells [135] 






Mouse neuroblastoma cells (Nb2a) 
Spinal cord neurons 
[54, 136]* 
[137] 
Blends membranes (porous) 
Dense and microporous 
membranes: neuronal cells 
[138] 
Channels/Tubes 
Nerve guidance channels: in vivo 
assay: mouse sciatic nerve model. 
Tube containing nerve growth 
factor (NGF) and Collagen gel: in 













Dorsal root ganglion  





In vivo implementation: rat sciatic 
nerves 
[143] 
PLLA 3D Porous scaffold 




Fibers Schwann cells [145] 
3D gel matrices Embryonic rat cerebral cortices [146] 









Films C2C12 myoblast [147] 
Fibers C2C12 myoblast [147] 
Meshes In vivo study in rabbits [148] 
Fibers In vivo study in rabbits [149] 
Composites Au–PLLA Fibers primary rat muscle cells [150] 
Others 
applications 
Cartilage PHB 3D scaffolds 





PVDF Meshes Implanted subcutaneously in rats 
[152] 
[153] 
Endothelialization PVDF Films Human cell line, EA.hy 926 [53] 
Vascular surgery PVDF Monofilament sutures 
In vivo study 
Adult female chinchilla rabbits 
[154] 
[155] 





3D scaffold by freeze-drying 
technique 
primary culture of neurons and 
astrocytes from the hippocampus 
of P4 Wistar rats 
[156] 
Wound healing 
PPy/PLLA  Membranes Human Skin Fibroblast  [157] 
PVDF-TrFE Electrospun fibers Human skin fibroblasts [158] 
Tissue sensors PVDF Microstructures Human osteosarcoma (HOS)  [159] 




Dynamic assays were performed in the studies marked with * contrary to the others 
where only static assays were carried out. It is to notice that when no dynamic 
conditions are used, the suitability of the piezoelectric effect is not proven, but just the 
suitability of the material and the relevance of the (positive or negative) surface charge, 
when the material is poled. 
It is to notice that the most used polymer is PVDF and its co-polymers as, due to its 
larger piezoelectric response, they serve as an ideal material platform for proving the 
concept of mechano-electrical transductions for tissue engineering. Also, several sample 
morphologies have been used, such as films, fibers, porous membranes and 3D porous 
scaffolds for different applications in tissue engineering, mainly for bone, muscle and 
nerve regeneration. With the challenge to mimic the architecture of these tissues, the 
fibers have proved to be one of the favorite choices and for most of the studies 
mesenchymal stem cells have been chosen. For bone tissue engineering applications, 
PVDF fibers were produced and their effect on biological function was studied with 
hMSCs [120]. It was verified that the cells attach to PVDF fibers and present a larger 
alkaline phosphatase activity and early mineralization when compared with the control, 
showing the potential for the use of PVDF scaffolds for bone tissue engineering 
applications. The same cells were also used with PLLA fibers to study their 
biocompatibility and suitability for bone differentiation and the same results were 
obtained [124]. Regarding nerve regeneration, fibers were also used and it was verified 
that the cells attach and the neurites extend radially on the randomly oriented fibers, 
whereas the aligned fibers directed the neurite outgrowth, demonstrating their potential 
for neural tissue engineering [141, 142] 
On the other hand, despite the demonstrated potential, there are still just a few 
conclusive works addressing the effect of the electrical stimulus promoted by the 
piezoelectric response of the materials, as for these studies, specific dynamical 
mechanical stimulus should be applied during cell culture, for example, by the use of  
mechanical bioreactors. The applied mechanical stimulus can be vibration, compression 
or stretching of the piezoelectric scaffold. 
In this scope, piezoelectric materials based on PVDF films, have been used to study the 
effect of mechanical stimulation of bone cells, by converse piezoelectric effect. On a 
substrate submitted to dynamic mechanical conditions, the stimulation was achieved 
with an alternating sinusoidal current (AC) of 5 V at 1 and 3 Hz for 15 min at each 
frequency. It was verified that mechanical stimulation of bone induces new bone 




formation in vivo and increases the metabolic activity and gene expression of 
osteoblasts in culture [116]. The influence of the same piezoelectric substrate, PVDF 
film, on the bone response cultivated under static and dynamic conditions was also 
investigated [118]. The dynamic culture was performed on a home-made bioreactor 
system with mechanical stimulation by placing the culture plate on a vertical vibration 
module at a frequency of 1 Hz with amplitude of ~1 mm. The results showed that the 
surface charge under mechanical stimulation improves the osteoblast growth and 
consequently, that electroactive membranes and scaffolds can provide the necessary 
electrical stimuli for the growth and proliferation of electrically responsive tissue and in 
particular of tissues which also show piezoelectric response, such as bone. The same 
dynamic culture was used to enhance osteogenic differentiation of human adipose stem 
cells, proving that dynamic mechanical stimulus in combination with suitable 
osteogenic differentiation media can offer tools to better mimic the conditions found in 
vivo [160]. Moreover, the use of a piezoelectric (PVDF) actuator in in vivo assays for 
orthopedic application [117] and after one month implantation it was verified that the 
converse piezoelectric effect can be used to stimulate bone growth at the bone implant 
interface, eliciting an early response. 
Concerning nerve regeneration, neurons were cultured directly on electrically charged 
PVDF polymer growth substrates to determine if local electrical charges enhance nerve 
fiber outgrowth in vitro [54, 136]. Piezoelectric PVDF substrates generated 2-3 mV at 
1200 Hz when placed on standard incubator shelves and it was concluded that the 
enhanced outgrowth process was induced effectively by the piezoelectric output of the 
films. 
The study of the piezoelectric effect of polyurethane/PVDF (PU/PVDF) fibers was also 
investigated for wound healing applications [161]. For this, the scaffolds were subjected 
to intermittent deformation of 8 % at a frequency of 0.5 Hz for 24 h and the results 
indicated piezoelectric-excited scaffolds showed enhanced migration, adhesion and 
secretion, exhibiting faster wound healing than those on the control scaffolds. In vivo 
assays were also performed with the implantation of these scaffolds in rats and a higher 
fibrosis level was verified due to the piezoelectric stimulation, which was caused by 
random animal movements followed by mechanical deformation of the scaffolds. 
So, it is possible to conclude that piezoelectric materials would be useful in many tissue 
engineering applications. In in vitro assay, the mechanical deformation can be made by 
the use of bioreactors and in in vivo assay, the stimulation would be produced by 




movements of the patient which will cause the mechanical deformation of the scaffolds 
(Figure 1.1). Further, since the piezoelectric effect can be found in several human body 
tissues, as previously mentioned, it is natural to assume that piezoelectric scaffolds will 
be needed, at least, for the proper regeneration of those tissues. 
Up to now, the most commonly used polymer to study the piezo-electric effect in tissue 
engineering applications was the PVDF, due to its larger piezoelectric response. This 
polymer is non-degradable, which can be a limitation for applications including scaffold 
implantation. On the other hand, it can be successfully used as scaffold for cells 
stimulation before implantation, due to its large piezoelectric response and physico-
chemical stability.  
Thus, it is shown the large potential of piezoelectric materials for tissue engineering 
applications, but in order to further explore their true possibilities, it is needed to obtain 
materials in different morphologies suitable for tissue engineering. In this way, it is to 
notice that there are no reports on the processing of PVDF into microspheres and 3D 





The main objective of this work was to develop piezoelectric biomaterials based on 
PVDF, PHB and PLLA with different morphologies, including microspheres, fiber 
membranes and three dimensional scaffolds. Further, the wettability of the materials 
was evaluated and modified by plasma treatment in specific cases. 
 
In summary, the main specific objectives of this work are: 
 Processing of PVDF electrospun membranes and study the influence of plasma 
treatments on the surface wettability of the hydrophobic PVDF membranes. 
 Processing of PVDF microspheres by electrospray. 
 Processing of three dimensional macroporous PVDF scaffolds by three distinct 
methods. 
 Processing of PHB electrospun membranes by electrospinning. 
 Study the influence of plasma treatments on the surface wettability of PLLA 
electrospun membranes. 




 Processing of neat and magnetic PLLA microspheres by an oil-in-water method. 
 Study of the influence of the processing conditions on the physico-chemical 
properties (chemical structure, phase content and crystallinity) of the materials 
processed into the different morphologies. 
 Evaluation of the applicability of the different morphologies for tissue 
engineering applications. 
 
1.6. Structure of the work and document 
 
The present thesis is divided in eight chapters, seven of them are based on published or 
submitted scientific papers. The chapters are presented in a sequential order including 
first the studies on biocompatible and non-biodegradable (PVDF) piezoelectric 
structures and then the results on biocompatible and biodegradable piezoelectric 
structures based on PHB and PLLA. Thus, a comprehensive and logic report of the 
progress achieved during this investigation is provided. 
As reported before, PVDF and copolymers are the polymers with the highest 
piezoelectric constant and have been processed in films and fibrous membranes by 
electrospinning, giving rise to highly hydrophobic membranes. Thus, the first work was 
to modify the wettability of electrospun PVDF membranes by plasma treatments. After 
proving that it is possible to modify the surface wettability of PVDF membranes, the 
following step was to develop different morphologies such as spheres and three 
dimensional scaffolds. After this step was successfully achieved, some of the most 
interesting morphologies for tissue engineering applications were reproduced for 
biodegradable polymers (PHB and PLLA), addressing also surface modification for 
increased wettability. 
In the following, a summary of the covered work in each chapter is briefly described.  
 
Chapter 1 presents a literature review with a general overview on tissue engineering 
and, specifically, on the importance of piezoelectric biomaterials for cell stimulation. It 
is to notice that the specific state of the art on the different issues related to the present 
work is provided in the different chapters. Finally, the main objectives and the structure 
of the document are also reported in this chapter. 
 




The chapter 2 is dedicated to the processing of electrospun PVDF membranes and on 
the modification of the surface wettability of the PVDF membranes by oxygen plasma 
treatment. The influence of the plasma treatment on the fiber average size, morphology, 
electroactive phase content and degree of crystallinity was evaluated. The wettability 
was evaluated by contact angle measurements and related to the surface variations of 
the membranes causes by the plasma treatments.  
 
The chapter 3 reports on the production of PVDF microspheres by electrospray as a 
suitable substrate for tissue engineering applications. The influence of the polymer 
solution concentration and processing parameters, such as electric field, flow rate and 
inner needle diameter on microsphere size and distribution, are reported. The viability 
of cells cultured in a 3D environment formed by PVDF microspheres is also assessed in 
order to evaluate its potential application in tissue engineering. 
 
PVDF can be also fabricated with a three dimensional (3D) porous morphology. 
Chapter 4 shows the several strategies implemented in order to develop PVDF 3D 
scaffolds. Three processing methods, including solvent casting with particulate leaching 
and 3D nylon, and freeze extraction with poly(vinyl alcohol) (PVA) templates are 
presented in order to obtain three-dimensional scaffolds with different pore architectures 
and interconnected porosity. The physico-chemical and mechanical properties of the 
scaffolds obtained by the distinct methods are shown. 
 
In chapter 5 the production of PHB electrospun membranes by electrospinning is 
reported. The influence of several processing parameters on fiber size and distribution is 
shown, together with a characterization of the physico-chemical properties, including 
thermal degradation. Cell adhesion on these substrates was also assessed in order to 
study the potential use of the materials for biomedical applications. 
 
PLLA electrospun membranes were also produced by electrospinning and Chapter 6 
shows the influence of oxygen and argon plasma treatments in the obtained membranes. 
The influence of plasma treatments on the morphology, fiber average size, roughness 
and physical–chemical characteristics of PLLA, such as polymer phase or degree of 
crystallinity are reported. Surface wettability studies are also performed by contact 




angle measurements and the potential application of the materials before and after 
plasma treatment evaluated through viability studies.  
 
Chapter 7 reports on the production of neat PLLA microspheres and magnetic 
nanoparticles/PLLA composite microspheres by an oil-in-water emulsion method. The 
average size of the microspheres is presented together with their physico-chemical 
properties and the influence of the magnetic microspheres in cell viability. 
 
Finally, chapter 8 presents the overall conclusions and suggestions for future work. 
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2. Influence of oxygen plasma treatment parameters on 
poly(vinylidene fluoride) electrospun fiber mats wettability 
PVDF membranes with excellent properties can be processed by electrospinning 
method. However, due to the hydrophobic nature of PVDF presents limited 
applicability. This chapter is based on the study of the surface wettability of PVDF 
membranes produced by electrospinning. Oxygen plasma treatment has been applied in 
order to modify the surface wettability of PVDF fiber mats. The influence of the surface 
treatment in fiber morphology, average size and physical-chemical properties of PVDF 
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PVDF is a semi-crystalline polymer with strong piezoelectric properties, high 
mechanical strength, thermal stability, high electric and chemical resistance and good 
processability [1-5]. This polymer has at least four known crystalline phases (α, β, γ and 
δ), being the β-phase the one with the largest piezoelectric response [3,6]. 
PVDF has been used in various fields including tissue engineering, filtration, air 
cleaning, rechargeable batteries and sensors, among others [2,7,8]. In particular, 
electrospun PVDF fiber mats have attracted a large interest due to their high surface 
area, small fiber diameters and porous structure [2]. However, the high hydrophobicity, 
poor wettability and low surface energy characteristic of PVDF are major drawbacks for 
several applications [2,7]. In order to overcome these limitations, surface modification 
by introducing specific functional groups on the surface is often used in order to tailor 
polymer wettability [2,7,9]. 
A wide range of surface modification methodologies have been used to modify the 
properties of materials, including surface hydrolysis, chemical grafting, self-assembly 
or plasma treatment [10,11]. 
Plasma treatment is one of the most extensively used techniques to modify surface 
properties of polymers [11,12]. Gas plasma represents a reactive chemical environment 
in which different plasma-surface reactions occur [12]. 
Plasma treatment is typically used for modifying the chemical and physical surface 
properties of polymers without affecting their bulk characteristics [11]. It is thus 
commonly used to tailor surface adhesion and wetting properties by changing the 
surface chemical composition of the polymers [11]. With plasma surface modification 
and deposition it is possible to introduce functional groups, to control surface roughness 
and crosslinking, graft polymerization and thin ﬁlm coating adhesion [11]. Generally, 
plasma treatment has been used to insert chemically reactive functional groups on 
polymer surface changing the surface chemical composition and to promote covalent 
immobilization of different components onto the polymer surface [2,11]. A careful 
selection of plasma source types, time and gas are the key issues. In this sense, plasma 
treatments by oxygen, ammonia or air could generate carboxyl or amine groups on 
polymer surfaces [11]. The application of oxygen plasma on different polymer 
substrates has generated promising results on promoting cell growth owing to the 
incorporation of hydrophilic and oxygen functional groups [13]. 




Plasma treatment has been used to promote surface modifications on PVDF [7,13-19]. 
Duca et al. [20] investigated the surface modifications of PVDF under RF Argon (Ar) 
plasma, and the results showed an improvement of the PVDF surface wettability under 
plasma exposure. The surface of PVDF can be also modified by Ar, He (helium) and O2 
(oxygen) plasma, however, O2 plasma was not effective in decreasing the contact angle 
of PVDF sheet surface [15]. Plasma-induced free radical polymerization was used to 
modify PVDF membranes prepared by solvent casting [18] to support neural cell 
culture. 
To the best of our knowledge, few studies exist on PVDF electrospun fiber surface 
modification by plasma in order to improve hydrophilicity. Furthermore, it has been 
demonstrated that Ar plasma-induced grafting of acrylic acid significantly improved the 
wetting behavior of electrospun PVDF nanofiber membranes [2]. 
This work reports the modification of electrospun PVDF fibers wettability by oxygen 
plasma to improve hydrophilicity of the polymeric membranes. The influence of 
different parameters such as treatment time (s), O2 flow rate (mL.min
-1) and the power 
(W) were studied. Furthermore, the influence of plasma treatment on fiber morphology, 
degree of crystallinity and polymer phase were evaluated, as these are also relevant for 






PVDF with reference Solef 1010 was acquired from Solvay. Analytical grade N,N-
Dimethyl Formamide (DMF) was purchased from Merck. 
 
2.2.2. Electrospinning processing 
 
PVDF electrospun fibers were processed according to the previously reported method of 
Ribeiro et. al. [21]. Briefly, a 20 % (w/w) solution of PVDF in DMF was prepared 
under magnetic stirring at room temperature until complete dissolution of the polymer. 
Then, the polymer solution was placed in a plastic syringe (10 mL) fitted with a steel 
needle with inner diameter of 0.5 mm. The electrospinning procedure was conducted at 
20 kV with a high voltage power supply from Glassman (model PS/FC30P04) with a 




solution feed rate of 1 mL.h-1 applied with the help of a syringe pump (from 
Syringepump). The electrospun fibers were collected in an aluminum plate. 
 
2.2.3. Surface modification 
 
Surface treatment was conducted in a plasma chamber (Plasma-Electronic PICCOLO) 
equipped with 13.56 MHz radio frequency plasma generator. Plasma treatments were 
performed under different conditions with the plasma power varying between 120 to 
600 W, the flow rate varying from 20 to 100 mL.min-1and from 60 to 900 s under a total 
pressure of 20 Pa.  
 
2.2.4. Characterization  
 
Fiber morphology was analyzed using a scanning electron microscopy (SEM, Quanta 
650, from FEI) with an accelerating voltage of 5 kV. The samples were previously 
coated with a thin gold layer using a sputter coating (Polaron, model SC502). 
Infrared measurements (FTIR) were performed at room temperature in a Bruker alpha 
apparatus in ATR mode from 4000 to 400 cm-1. FTIR spectra were collected after 24 
scans with a resolution of 4 cm-1. Differential scanning calorimetry measurements 
(DSC) were performed in a Mettler Toledo 823e apparatus using a heating rate of 
10 ºC.min-1 under nitrogen purge. Wettability of the samples was determined by 
measuring the contact angle of distilled water at room temperature, using an OCA15 
Dataphysics contact angle analyzer. Six measurements were carried out for each sample 
at different places. The porosity (ε) of the PVDF fiber mats was measured by liquid 
displacement method using a pycnometer. The weight of the pycnometer filled with 
ethanol, was measured and labeled as W1; the PVDF fibers, whose weight was Ws, 
were immersed in ethanol. After the sample was saturated by ethanol, additional ethanol 
was added to complete the volume of the pycnometer. Then, the pycnometer was 
weighted and labeled as W2; the sample filled with ethanol was then taken out of the 
pycnometer [22]. The residual weight of the ethanol and the pycnometer was labeled 












The mean porosity of each membrane was obtained as the average of the values 
determined in three samples. Absolute ethanol (Merck), as a non-solvent of PVDF, was 
used as a displacement liquid since it can penetrate among the fibers not inducing 
shrinking or swelling in the fiber mat [23]. 
X-ray photoelectron spectroscopy (XPS) was performed using a Kratos AXIS Ultra 
HSA, with VISION software for data acquisition and CASAXPS software for data 
analysis in order to evaluate the surface elemental composition and atomic 
concentration of the samples. The analysis was carried out with a monochromatic Al Kα 
X-ray source (1486.7 eV), operating at 15 kV (90 W), in FAT mode (Fixed Analyser 
Transmission), with a pass energy of 40 eV for regions ROI and 80 eV for survey. Data 
acquisition was performed with a pressure lower than 1×10-6 Pa, and it was used a 
charge neutralization system. The effect of the electric charge was corrected by the 
reference of the carbon peak (284.6 eV). All binding energies (BEs) were referenced to 
the C1s hydrocarbon peak at 286.4 eV. Spectra were analyzed using XPSPEAK 
software (version 4.1). Curve fitting of the high resolution spectra used 30 % 
Gaussian/70 % Lorentzian mixed line shapes for each component. 
 
2.3. Results and Discussion 
 
2.3.1. Effect of plasma treatment on PVDF fiber morphology 
 
Pristine PVDF electrospun fibers were electrospun into a highly porous non-woven 
mesh with interconnected pores and smooth fiber surface: no beads were observed in 
the fiber mats (Figure 2.1a). PVDF membrane porosity was estimated using the 
pycnometer method and an overall membrane porosity of 79 ± 4 % was obtained. 
The effect of the different plasma treatments on PVDF fiber morphology was assessed 
by SEM. The influence of plasma power was investigated by keeping constant a rich 
oxygen atmosphere of 120 mL.min-1 during 120 s. The SEM pictures of Figure 2.1 
show the effect of the applied plasma power on the size of the electrospun fibrils. 
 





Figure 2.1. SEM images of electrospun PVDF fibers: a) without treatment and treated with O2 
plasma as a function of the applied power: b) 240 W, c) 360 W and d) 480 W for 120 s using a 
constant O2 flow rate of 120 mL.min-1. 
 
The fiber roughness increased with increasing plasma power (Figure 2.1). Small 
“bumps” appeared on the fibrils surface leading to some eventual fiber joining, 
especially for the highest plasma power (Figure 2.1) which probably is related to surface 
polymer melting due to the high energy supplied by the plasma source. In spite of the 
mentioned, fiber surface effects the overall appearance of fiber meshes are similar to 
that of the pristine ones. Furthermore, no complete fiber melting was detected after 
plasma treatments, the membranes showing still open spaces between fibers. 
The effect of plasma exposure time and oxygen flow rate for a fixed plasma power was 
also characterized and the variations in fiber morphology are similar to the ones 
observed after plasma power variation. The influence of different plasma parameters on 
fiber mean diameter was determined (Figure 2.2). Pristine polymer mats present a mean 
fiber diameter of ~400±200 nm both before and after plasma treatment (Figure 2.2), 
indicating that the plasma treatment induce physical-chemical variations on the fiber 
surface, without variations of the bulk properties. 




Figure 2.2. Influence of different plasma treatment parameters in PVDF average fiber diameter: 
a) plasma power (t=120 s; O2 flow rate of 120 mL.min-1); b) O2 flow rate (t=120 s and power of 
480 W) and c) time (power of 480 W; O2 flow rate of 120 mL.min-1).  
 
2.3.2. Surface chemical characterization and phase content 
 
In order to evaluate the influence of plasma treatment in the chemical surface of PVDF 
and on the electroactive β-phase content, FTIR-ATR of non-treated and plasma treated 
polymer fiber mats were measured (Figure 2.3a). 
PVDF chemical structure is composed by the repetition unit -CH2-CF2- along the 
polymer chain and the characteristic vibrational modes can be used to identify the 
presence of different polymorphs [6]. Figure 2.3a shows the infrared spectra of the 
pristine sample and the plasma treated ones after different applied powers. The results 
are representative of the FTIR spectra obtained for the samples prepared with different 
O2 flow rates and different exposure time to plasma treatment. Neither modes are totally 
suppressed nor do new ones appear due to the change of the plasma processing 
parameters, compared to the pristine fiber mats. The characteristic absorption modes for 
the -phase (855, 795 and 766 cm−1) and the -phase (840 cm−1) are detected (Figure 



































































































































































































Figure 2.3. a) FTIR-ATR spectra of non-modified and plasma modified fiber at different 
plasma power applied for 120 s at a O2 flow rate of 120 mL.min-1; b) and d) variation of β-phase 
content with the applied plasma power, c) O2 flow rate and d) treatment time. 
 
The electrospinning method favors the formation of PVDF fibers crystallized in the 
electroactive β-phase [6, 21], due to the fact of being a low temperature solvent casting 
process. Moreover, the use of higher electric fields during processing contribute to 
dipole alignment and consequently to electrical poling of the PVDF fibers [24], leading 
to high responsive piezoelectric fibers. The quantification of the β-phase content of the 
electrospun samples can be performed from the FTIR spectra applying (Equation 2.2) 
and following the procedure explained in [6, 21]: 
 













where F(β) represents the β-phase content, Kα and Kβ the absorption coefficient for each 
phase and Aα and Aβ the absorbance at 766 and 840 cm
-1, respectively. The absorption 
coefficient value is 7.7 × 104 cm2.mol-1 and 6.1 × 104 cm2.mol-1 for Kβ and Kα, 
respectively [25]. 
 
It was observed that increasing the applied plasma power leads to a decrease of the 
electroactive -phase (Figure 2.3b) while the O2 flow rate and plasma treatment time 
have no significant effect on the -phase content present in the samples (Figure 2.3c and 
2.3d). The decrease of the -phase content with the increase of the applied plasma 
power can be related to local sample temperature increase during surface plasma 
treatment, leading to β to α-phase transformation [26]. This phase transformation has 
been reported to take place at temperatures above 70 ºC in PVDF and has been related 
to the increase of cooperative segmental motions within the crystalline fraction [27]. It 
is to notice, nevertheless, that this decrease of ~20 % of the -phase content does not 
represent a significant reduction of the electroactive performance of the material. 
Gomes et al. [28] reported that the piezoelectric coefficient is proportional to the 
amount of oriented dipoles, and therefore the number of -phase present in PVDF films 
influence the piezoelectric response of the material. Typically, the decrease of the -
phase content promoted by plasma treatment is equivalent to a reduction of ~20 % in 
the piezoelectric coefficient, from 34 down to 28 pC.N-1. 
 
2.3.3. Thermal Characterization 
 
DSC measurements were performed in order to detect possible modifications in thermal 
stability and melting behavior. DSC data reveal that all plasma treated fiber mats 
showed a similar trend, regardless the plasma treatment condition, with a broader 
melting transition (Figure 2.4) than in the non-treated samples.  
 




























Figure 2.4. DSC curves for the electrospun PVDF non-modified and oxygen plasma modified 
fibers at a plasma power applied of 480 W for 120 s and an O2 flow rate of 120 mL.min-1. 
 
FTIR results probe the coexistence of both α- and β-crystalline phases among the 
sample, which suggests that the broad melting peak corresponds to the melting of both 
phases, which is clearly observed for the sample with higher amount of α-phase (sample 
treated at 480 W plasma power, Figure 2.3b. Nevertheless, these kind of results have to 
be considered with care since DSC heating curves recorded at low heating rates can 
present more than one endotherm due to the recrystallization taking place during the 
scan itself after first melting and also a distribution of crystal sizes could produce the 
same effect [29]. The degree of crystallinity (Xc)
 of the samples was determined from 
the DSC thermograms using Equation 2.3 [21]: 
 





where ΔH is the melting enthalpy of the sample; ΔHα and ΔHβ are the melting enthalpies 
of a 100 % crystalline sample in the α- and β-phase and the x and y the amount of the α- 
and β-phase present in the sample, respectively. In this study, the value of 93.07 J.g-1 
and 103.4 J.g-1 were used for ΔHα and ΔHβ, respectively [21]. 




Comparing pristine electrospun samples with plasma modified ones, no significant 
changes were detected in the degree of crystallinity, independently of the plasma 
treatment conditions and a crystalline fraction of 42 ± 2 % was obtained for all samples, 
in accordance to other studies with electrospun mats [21, 30]. 
2.3.4. Surface wettability 
 
Figure 2.5 shows the variation of the contact angle of the plasma modified PVDF fibers 
as a function of different applied plasma power. The surface water contact angle of the 
non-modified fibers is 134 ± 6º being in agreement with the strong hydrophobicity of 
PVDF materials [2]. Changes in water contact angle were observed when the applied 
plasma power is applied. In particular, for plasma powers above 360 W, the surface 
contact angle cannot be measured as the water drop is rapidly absorbed by the 
membrane, indicating a superhydrophilic behavior (Figure 2.5a). 
 
Figure 2.5. Influence of the (a) oxygen plasma power in the contact angle of PVDF fiber 
membranes with a treatment time of 120 s and an O2 flow rate of 120 mL.min-1 and (b) 
influence of the treatment time at an applied power of 360 W and O2 flow rate of 120 mL.min-1. 
The bars in the graph are the standard deviation of the contact angle distribution.  
 
The influence of oxygen plasma treatment and oxygen flow rate on the surface 
wettability of PVDF fibers are also studied (results not shown). Treatment times 
between 60 and 900 s and flow rates between 40 and 200 mL.min-1 at a plasma power 
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drop when in contact with PVDF surface almost immediately absorbed by the 
membrane. 
In order to obtain the optimal values for improving the hydrophilicity of the PVDF 
membranes at an applied power of 360 W (minimum power applied that improves 
hydrophilicity of electrospun PVDF membranes), the treatment time and oxygen flow 
rate parameters were studied. The results allowed to conclude that for treatment times 
and oxygen flow rate below 120 s (Figure 2.5b) and 60 mL.min-1, respectively, the 
plasma did not induce the hydrophilicity of the PVDF membranes. The optimal values 
to obtain hydrophilic membranes are summarized in Table 2.1. 
 
Table 2.1. Optimal values of plasma parameters in order to obtain hydrophilic membranes. 
Plasma parameter Optimal value 
Treatment time (s) 120 
Flow rate (mL.min-1) 120 
Power (W) 360 
 
The literature data show that oxygen plasma treatment reduces contact angle up to 20º, 
depending on the plasma conditions [7, 13, 15]. In the present case, the fact of obtaining 
hydrophilic membranes is associated to the variation of the contact angle of the polymer 
and the capillarity of the membranes. Reduction of the polymer fiber contact angles, as 
observed in the polymer films [7, 13, 15] lead to an associated variation of the surface 
tension of the membrane, leading thus to a penetration of the water drop in the 
membrane and the consequent hydrophilic behavior. 
 
2.3.5. Chemical composition of electrospun PVDF fibers surface  
 
Plasma treatment typically leads to degradation of the polymer surface. The degradation 
process is accompanied by cleavage of molecular chains and by the formation of free 
radicals that activate the surface and double bonds that will react forming new oxygen 
structures [31].  
In order to obtain quantitative information about the elemental composition of the non-
modified and modified PVDF membranes, XPS analysis was performed. Figure 2.6 
shows the XPS results of PVDF surface elemental compositions at different applied 




plasma powers. Carbon, fluorine and oxygen were detected in the samples (Figure 
2.6a). 
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Figure 2.6. XPS results of non-modified PVDF fibers and oxygen plasma treated fibers for 
120s with an O2 flow rate of 120 mL.min-1: a) XPS scans b) C1s scan spectra, c) F1s spectra and 
d) O1s spectra. 
 
The atomic surface composition for the PVDF surfaces was evaluated from C1s, F1s 
and O1s scanning spectra. Figure 2.6b shows typical C1s spectra for the non-modified 
and modified PVDF fibers with oxygen plasma. Deconvolution of Figure 2.6b was 
performed to show the individual components of the C1s peak (Figure 2.7).  





Figure 2.7. C1s scan spectra of a) untreated fibers and b) fibers submitted to O2 flow of 120 
mL.min-1, treatment time of 120 s and a power of 480 W. 
 
It is observed that the PVDF fibers showed two main C1s peaks at 291.4 eV assigned to 
CF2 groups and at 286.4 eV due to CH2 component (Table 2.2). Plasma treated fibers 
also show a peak with bending energy of about 285.0 eV attributed do C-C group 
(Figure 2.6b). The F1s peak at 688 eV is assigned to C-F bond. Plasma treated fibers 
shows an O1s peak at 533 eV assigned to C-O bond (Figure 2.6c).  
 
Table 2.2. C 1s, F 1s and O 1s components of non-modified electrospun PVDF fibers and 
oxygen plasma modified fibers [7]. 
Peak Binding energy (eV) Chemical function 
C 1s 285 C-C 
C 1s 286 C-H 
C 1s 291 C-F 
O 1s 533 C-O 
F 1s 688 C-F 
 
These changes indicates that oxygen plasma exposure promotes defluorination and 
oxidation reactions by the incorporation of oxygen onto the polymer fiber surface. Table 
2.3 summarizes the XPS analysis for the fluorine to carbon ratio (F/C) and oxygen to 
carbon ratio (O/C) atom ratios for non-modified and treated PVDF fiber membranes. 
Though, surface of non-modified PVDF fibers is composed of carbon (51.3 %), and 
fluorine atoms (48.3 %).  




Table 2.3. Surface chemical composition of pristine PVDF fibers and O2 plasma treated fibers 
at different applied plasma powers. 
 Elemental composition (%)  
Surface C O F O/C F/C 
Pristine fibers 51.30 0.35 48.30 0.01 0.94 
Plasma treated 
fibers 
     
240 W 56.70 5.20 38.10 0.09 0.67 
360 W 53.60 5.80 40.60 0.11 0.76 
480 W 52.80 6.80 40.40 0.13 0.77 
 
The presence of a quite small oxygen amount (0.35 %) may arise from the exposure of 
the PVDF fibers to the air or due to solvent contaminants [19]. Nevertheless, modified 
polymer fibers reflected clear alterations in its surface elemental compositions. The 
signal corresponding to F being higher on the non-modified fibers than in plasma 
modified fibers plasma treatment leads to a substantial decrease on fluorine content and 
an increases in oxygen content as a result of the presence of carboxyl groups in the 
surface of the fibers generated by the O2 plasma treatment [32]. The oxygen to carbon 
ratio O/C increases from 0.007 to approximately 0.1 while F/C decreases from 0.54 to 
approximately 0.21. Results indicate the success of the plasma activation in the surface 
of PVDF fibers.  
It is reported that oxygen plasma surface modification enriches the surface with oxygen 
species [33]. The surface modifications of PVDF fibers after the plasma treatment, 
leading to an overall increase of membrane hydrophilicity, are explained by the 
cleavage of C-F and C-H hydrophobic groups followed by the formation of C=O, OH 
and COOH hydrophilic groups on PVDF fibers surface during the interaction between 
the plasma and the samples. Plasma environments have neutral species, energetic ions, 
photons and electrons that interact with the polymer causing chemical and physical 
modifications in the polymer surface and not on the polymer bulk properties. 
Particularly, the electrons present in plasma have sufficiently high kinetic energy to 
break the covalent bonds, inducing chemical reactions that will change the polarity of 
the surface [34]. Fluorinated polymers like PVDF are known to be resistant to oxygen 
species attack that difficult the abstraction of fluorine atoms. However, the results 
showed that oxygen atoms are detected in PVDF fibers, indicating that some oxidation 
reactions occurs in the PVDF fibers after oxygen plasma treatment [15, 35]. This can be 
explained by the possible recombination of fluorine with carbon radicals. It is known 




that the stability of the gas product is an important factor in the modification process 
than bond energy [15]. Figure 2.8 demonstrates the possible modifications that occur on 
PVDF surface by oxygen plasma treatment. During the plasma treatment radicals are 
formed primarily by the scission of carbon-hydrogen bond (C-H), due to the strength of 
the C-H (410 kJ.mol-1) bond when compared to the C-F bond (460 kJ.mol-1), into the 
polymer surface which can react with the atmospheric oxygen after plasma treatment 
forming hydroperoxides. These compounds can thermally decompose producing 
secondary radicals that subsequently are able to react with the air exposure. As it is 
possible to observe in Figure 2.6 and Table 2.3, the fluorine content decreases when the 
plasma modification occurs. In this sense, the step 1 present in Figure 2.8 occurs 
predominantly originating newly formed C-O and C=O groups. The later was not 




Figure 2.8. Schematic representation of O2 plasma treatment on electrospun PVDF fibers. 




Oxygen plasma treatment has been applied in order to modify the wettability of PVDF 
membranes. It was observed that plasma treatment does not produce significant 
variation in average diameter, being ~400 ± 200 nm thus being independent of plasma 
processing parameters. However, an increase in plasma power increases fiber roughness 
and small bumps appear on fiber surface leading to some eventual fiber joining without 




change membrane overall porosity. Increase plasma power leads to a decrease of the 
electroactive β-phase from ~85 to 70 % ,O2 flow rate and plasma treatment time having 
no influence on β-phase content of the polymer fiber mats. Also no significant changes 
were detected on degree of crystallinity, independently of the plasma treatment 
conditions, being ~ 42 ± 2 %. 
The plasma treatment showed to be effective to change polymer membrane wettability 
turning the neat hydrophobic membranes into superhydrophilic ones. This effect is 
attributed to the introduction of oxygen compounds and a decrease of fluorine content 
onto the polymer fibers surface and a mechanism is proposed. This fact leads to a 
reduction of the contact angle of the polymer fibers and an overall decrease of the 
surface tension of the membranes, which in turn improves capillarity and water 
absorption of the membrane. PVDF superhydrophilic surfaces can be achieved applying 
a plasma power bellow 360 W for a treatment time of 120 s and a flow rate of 120 
mL.min-1.  
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3. Electrosprayed poly(vinylidene fluoride) microspheres for tissue 
engineering applications 
This chapter describes the production of PVDF microspheres by electrospray as a 
suitable substrate for tissue engineering applications. The influence of polymer solution 
concentration and processing parameters such as electric field, flow rate and inner 
needle diameter on sphere size and distribution has been studied. The physico-chemical 
properties and the electroactive β-phase content were evaluated. MC-3T3-E1 cell 
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Polymer microspheres have found applicability in biomedical engineering for drug 
delivery systems [1, 2] and are increasingly being used as supports for cell expansion 
and differentiation, which implies the control over micro and macrostructure features of 
the polymer substrate [3], scaffolds formed by polymer microspheres allowing to hold 
and populate more cells than the traditional 3D scaffolds [3]. 
Electrospray is a promising technique for preparation of polymeric micro- and 
nanoparticles [4]. This method might overcome some of the drawbacks associated with 
conventional microspheres-producing methods such as solvent casting, single and 
double emulsion, spray-drying, porous glass membrane emulsification and coacervation 
[4]. 
The principles of electrospray are similar to the ones of the electrospinning process. In 
electrospray, polymeric microspheres can be produced from a polymer solution in a 
conductive enough solvent. The variation of solution properties such as concentration, 
viscosity and surface tension, and processing parameters, such as flow rate, needle 
diameter, distance of the needle to the collector and applied voltage, promotes the 
formation of a continuous jet that can be broken down into droplets, resulting in 
microspheres of different size [4]. The advantage of electrospray is the fact that the 
droplet size can be controlled by adjusting solution and processing parameters [5]. 
Natural and synthetic polymers have been processed in the form of microspheres by 
electrospray [6]. The most common natural polymers produced by electrospray are 
gelatin [7], chitosan [6, 8] and elastin [6]. Gelatin [7] and chitosan [8] microspheres 
aggregates have been used as a 3D scaffold in cartilage tissue engineering produced. 
Synthetic polymers including polylactides (PLAs), PLGA and PCL have also been 
electrosprayed [6]. Among other studies, PLGA microparticles of 4-5 μm in average 
diameter have been used as a drug delivery system for bone tissue regeneration [9]. 
Despite to the interest of using electroactive microspheres for several applications, in 
particular PVDF microspheres due to its strong piezoelectric properties as reported in 
chapter 2, to our knowledge, there is just one report on the use of electrospray to prepare 
thin PVDF films composed by PVDF microspheres with diameters in the range of 61 to 
250 nm [5]. 
Thus, this work reports on the production of PVDF microspheres by electrospray. By 
controlling solution parameters, namely polymer concentration, a stable process has 




been achieved allowing to obtaining microspheres with controlled size. The suitability 
of the developed microspheres as a substrate for tissue engineering application was 






PVDF reference Solef 1010, was acquired from Solvay. Analytical grade 
tetrahydrofuran (THF) and DMF were purchased from Panreac and Merck, respectively. 
The main characteristics of the solvents are summarized in Table 3.1. 
The polymer was dissolved in a DMF/THF co-solvent system with a volume ratio of 
85/15 (v/v) for PVDF concentrations of 5, 7 and 10 % (w/v). THF is known for the 
lower boiling point, when compared to the DMF solvent. The ratio DMF/THF was 
chosen after a series of experimental measurements taken into account the polymer 
microspheres integrity and jet stability. The solutions were kept under agitation with a 
magnetic stirrer at room temperature until complete dissolution of the polymer. 
 
Table 3.1. Physical and thermal properties of the solvents used in the present work. Data 

















DMF 146 -61 1300 382 38.2 0.944 
THF 65 -108 17530 1.75 7.6 0.889 
 
3.2.2. Electrospray processing 
 
The polymer solution was placed in a commercial plastic syringe ﬁtted with a steel 
needle with inner diameter of 0.2, 0.5, 1 or 1.7 mm, respectively. Electrospray was 
conducted by applying a voltage ranging from 15 to 25 kV with a PS/FC30P04 power 
source from Glassman. A syringe pump (Syringepump) feed the polymer solution into 
the tip at a rate between 0.2 and 4 mL.h−1. The electrosprayed samples were collected 
on a grounded collecting plate placed at 20 cm from the needle tip. 
 






Microsphere morphology was analyzed by SEM in the same conditions of the samples 
described in the experimental section of the chapter 2 (see section 2.2.4). Microsphere 
average diameter and distribution was calculated over approximately 30 microspheres 
using the SEM images (10000 and 30000 X magnification) and the ImageJ software. 
Statistical differences were determined by ANOVA with P values <0.05 being 
statistically significant. The physico-chemical properties of the microspheres were 
evaluated by FTIR and DSC measurements, as described in the experimental section of 
the chapter 2 (see section 2.2.4). 
 
3.2.4. Cell culture 
 
MC3T3-E1 cells (Riken cell bank, Japan) were cultivated in Dulbecco’s modified 
Eagle’s medium (DMEM) 1g.L-1 glucose (Gibco) containing 10 % Fetal Bovine Serum 
(FBS) (Fisher) and 1 % penicillin/streptomycin (P/S) at 37 ºC in a 5 % CO2 incubator.  
For cell culture, 10 mg of microspheres obtained by electrospray (7 % w/v) were placed 
in a 2 mL Eppendorf. For sterilization purposes, the microspheres were immersed in 70 
% ethanol, followed by washing with phosphate-buffered saline solution (PBS) 5 times 
for 10 min under constant shaking. Before cell seeding, fibronectin (FN) was adsorbed 
by immersing the microspheres in a FN solution of 20 µg.mL-1 overnight under constant 
shaking.  
For the cell viability study, MC3T3-E1 (pre-osteoblast) cells (density of 1.5 x 105 
cells/eppendorf) were mixed with the microspheres up to 3 days. Cell pellets without 
any microspheres were used as reference (control +) and only microspheres as used as 
negative control. For the quantification of cell viability, (3-(4, 5-Dimethylthiazol-2-yl)-
2, 5-diphenyltetrazolium bromide) (MTT, Sigma-Aldrich) assay was carried out. MTT 
is used to measure the number of metabolic active cells based on the quantification of 
the activity of living cells via mitochondrial dehydrogenases. At each time point, the 
supernatant was removed and fresh medium containing MTT solution was added to 
each Eppendorf. After 3 h of incubation, the supernatant was removed and dimethyl 
sulfoxide (DMSO) was added to dissolve the MTT formazan crystals. Thereafter, the 
solution of each Eppendorf was mixed in a shaker in order to exclude the microspheres 




and the supernatant was used to determine the absorbance at 570 nm. Three 
measurements were performed for each sample.  
 
3.3. Results and discussion 
 
3.3.1. Microsphere morphology  
 
3.3.1.1.Effect of polymer concentration 
 
During electrospray, several parameters related to process and solvent properties play a 
key role in the stability of the process. The solution should fulfill some requirements 
related to polymer solubility, proper values for the relative permittivity, surface tension, 
density, viscosity and conductivity [5]. Additionally, some parameters such as flow rate, 
electric field, needle inner diameter and distance from the needle tip to collector have 
influence on the morphology and size of the obtained microspheres [4]. These 
parameters need to be controlled and optimized in order to obtain microspheres of the 
desired diameter. 
Figure 3.1 shows representative SEM images of the PVDF microspheres prepared by 
electrospray from a 2, 5, 7 and 10 % (w/v) solution concentration using a solvent 
mixture of THF and DMF. The corresponding microsphere size distribution is also 
shown in Figure 3.1. Electrospray from low polymer concentration solution (2 % w/v) 
did not result in microspheres with spherical geometry (Figure 3.1a), a fact that can be 
ascribed to the low polymer content in the jet leading to low solution  viscosity and high 
surface tensions of the solution. Under those conditions no polymer entanglement is 
achieved [10]. Further, more diluted polymer concentrations solutions favors the 
formation of tailed microspheres (Figure 3.1a) due to the lack of sufficiently strong 
polymer chain entanglements [10]. On the other hand, spherical PVDF microspheres 
with different size distributions were obtained with polymer concentrations 5 % (w/v) 
or more, as reported in [11]. 





Figure 3.1. Morphology of the PVDF spheres for the samples obtained with a) 2, b) 5, c) 7 and 
d) 10 % (w/v) polymer solution obtained at an applied electric field of 1 kV.cm-1 with a needle 
diameter of 0.2 mm, flow rate of 2 mL.h−1. The particle distribution obtained from each 
processing condition is presented as an inset. 
 
The spherical morphology of the PVDF microspheres is attributed to the complete 
solvent evaporation from the droplets before reaching the collector, complementary to 
the polymer diffusion during solvent evaporation. A rapid polymer diffusion ensures the 
achievement of solid and dense microspheres but does not necessarily lead to the 
spherical morphology [2, 6].  
PVDF microspheres obtained from the dissolution of PVDF in the co-solvents of 
DMF/THF are compact due the low boiling point of THF that allows fast polymer 
crystallization from the liquid jet surface. The high boiling point and low vapor pressure 
of DMF hinders fast solvent evaporation and promotes a decrease of the mean 
microspheres size, leading to dense polymer microspheres (Figure 3.1) [6]. Moreover, 
moisture present in the atmosphere when the electrospray is carried on, also contributes 
to the high surface roughness observed in Figure 3.1. It has been shown in different 
polymer systems that high moisture levels present during electrospinning favors the 
presence of circular pores on top of the electrospun fibers, that become larger with 




increasing humidity until they coalescence to form large, non-uniform shaped structures 
[12, 13]. 
At a concentration of 7 % (w/v) and more some thin fibers were detected among 
polymer microspheres and it was observed that when the polymer concentration 
increases, the amount of fibers in the collector increases and, consequently, the amount 
of polymer microspheres decreases. This is related to the facts observed in [14] in which 
smooth and beadles PVDF fibers were obtained for polymer concentrations above 20 % 
(w/v), leading to some beads in the fiber mats for lower polymer concentrations. Fiber 
formation has been also reported for polymer concentrations above 10 % (w/v) [11], 
attributed to enough solution viscosity and surface tension that favors polymer chain 
entanglement. Our results suggest that dilute or semi-dilutes solutions favor the 
formation of polymer microspheres while fibers are formed for concentrated solutions 
above 10 % (w/v). 
In this sense, polymer concentration plays a central role in fiber or microspheres 
formation and therefore in process optimization [6]. Thus, the ideal regime of polymer 
solution to obtain microspheres is the semi-dilute moderately entangled, where a 
signiﬁcant degree of entanglement is observed and dense, solid and reproducible 
microspheres are obtained [6]. In this state, it is essential that the concentration of the 
solution (c) is larger than the critical entanglement concentration (cent) but lower than 
the critical chain overlap concentration (cov): for c > 3cov the regime is defined as semi-
dilute highly entangled regime and characterized by the presence of beaded fibers or 
fibers. In this sense, for a PVDF concentration of 10 % (w/v), the solution is in a semi-
dilute highly entangled regime [2, 6] and the critical entanglement concentration is 5 % 
(w/v), in order to achieve PVDF spherical microspheres. The critical chain overlap is 
observed when the droplet carries enough polymer to overlap, but not sufficient to 
generate a significant degree of entanglement, giving origin to deformed spheres and 
non-uniform and non-reproducible morphology. According to our results the cov is 
around 2 % (w/v). The influence of polymer concentration (5, 7 and 10 % (w/v)) in the 
average size of the PVDF microspheres is shown in Figure 3.2, resulting in an increase 
in the average microsphere diameter from 2.5 to 5.5 μm, with the increasing polymer 
concentration.  
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Figure 3.2. Influence of the PVDF solution concentration % (w/v) on microspheres average 
diameter. The bars in the graph are the standard deviation of the fiber diameter distribution. *P 
≤ 0.05 vs. PVDF concentration of 10 % (w/v). 
 
3.3.1.2.Effect of electric field on microsphere size 
 
The electrospray process will be initiated when the electrostatic force in the solution 
overcomes the surface tension of the solution and consequently the amount of polymer 
sprayed during the electrospray process will increase. In this sense, the effect of the 
applied electric field in polymer average diameter and microsphere size distribution was 
evaluated for applied electric fields between 0.75 to 1.25 kV.cm-1 (Figure 3.3). For 
larger applied electric fields elongated microspheres or fibers are formed. On the other 
hand, when lower electric fields are applied to the polymer solution, the main droplet 
will be maintained more stable, and ejection of smaller jets from the main one will 










Figure 3.3. a) Morphology of the PVDF microspheres for the samples obtained with a 5 % 
(w/v) polymer solution at different applied voltages: a) E = 0.75 kV.cm-1 b) 1.25 kV.cm-1 and c) 
Influence of the applied electrical field (kV.cm-1) on the microspheres average diameter. 
Samples prepared with needle diameter of 0.2 mm, flow rate of 2 mL.h−1 at a traveling distance 
of 20 cm. The bars in the graph are the standard deviation of the microsphere diameter 
distribution. 
 
3.3.1.3.Effect of flow rate on microsphere size 
 
Flow rate will determine the amount of polymer solution available for electrospraying. 
Moreover, for higher feed rates, solvent total evaporation during the travel from the 
needle tip to the ground collector is not possible and consequently microspheres are 
partially solvated when they impact the collector, leading to a deformed and non-
consistent morphology [6]. Figure 3.4a shows that flow rate was noticeable determinant 
in the production of PVDF microspheres. For low flow rates of 0.2 mL.h-1, 
microspheres have smaller average diameter, while for higher polymer feed rates 
microspheres with a higher average diameter was obtained (Figure 3.4b), that are 
independent on the flow rate. These results are explained by the competing mechanism 
of Coulomb fission and chain entanglements undergoing solvent evaporation. The 
phenomenon of Coulomb fission, a process by which charge droplet emits a cloud of 
highly charged small droplets, occurs when a charged drop approach the Rayleigh limit 
(φ Ray), the limit value at which the drop cannot hold more charge. For higher polymer 
solution feed rates (> 4 mL.h-1), it was observed that due to the higher amount of the 
solution that is drawn from the needle tip, the jet takes more time to dry, and 
consequently the solvent present in the deposited particles has not time enough to 
evaporate at the same flight time, promoting particle adhesion to each other in the 
metallic ground collector.  
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Figure 3.4. Morphology of the PVDF microspheres for the samples obtained with a 5 % (w/v) 
polymer solution at different flow rates: a) 0.2 mL.h-1 and b) 4 mL.h-1 with a needle diameter of 
0.2 mm, electric applied field of 20 kV.cm-1 at a traveling distance of 20 cm. The microparticle 
diameter histograms of the corresponding ﬁgures are also given in the figure. c) and d) Influence 
of the flow rate (mL.h-1) and inner needle diameter (mm) respectively on the microsphere 
average diameter. The bars in the graph are the standard deviation of the diameter distribution. 
 
The average size of microspheres for the different needle inner diameters was evaluated 
(Figure 3.4c) and the results show a quite similar particle diameter for all the different 
samples with an average size diameter between 2.0 and 2.5 μm, being therefore 
independent of the needle inner diameter.  
Figure 3.5 summarizes the influence of the polymer concentration on the size of 
electrosprayed polymer microspheres, as this is the parameter that mainly influences 
microsphere formation and diameter (Figure 3.1). Morphology and size of microspheres 
can be further tuned by the additional parameters described above in order to obtain 
fibers without beads and in the case of microspheres the absence of fibers. 





Figure 3.5. Schematic diagram of the influence of PVDF solution concentration in the 
production of microspheres and fibers by electrospray. 
 
3.3.2. Surface chemical characterization and phase content 
 
FTIR spectroscopy is a characterization technique useful for the identification and 
quantification of the different crystalline phases of PVDF [15, 16].  
The chemical structure of PVDF is composed by the repetition unit–CH2-CF2- along the 
polymer chain and characteristic vibrational modes can be used to the identification of 
the α- and β-phases [15, 17] The α-phase can be identified by the presence of absorption 
bands at 489, 530, 615 and 766 cm-1 attributed to stretching of the group CF2, at 795 
cm-1 corresponding to the CH2 stretching and at 855 and 976 cm
-1 resulting of the CH 
group stretching [18]. The β-phase content present in the sample can be determined by 
the absorption infrared band at 840 cm-1 corresponding to the stretching of the CH2 
absorption band and by 511 and 600 cm
-1 characteristic of CF2 and CF stretching, 
respectively [15, 18]. 
Figure 3.6a shows FTIR-ATR spectrum of representative PVDF electropray 
microparticles and -PVDF film for comparison. Electroactive β-phase is desired for 




sensor and actuator applications as well as for tissue and biomedical engineering due to 
its piezoelectric properties that enhances cell growth and proliferation [19, 20]. Figure 
3.6a shows that the characteristic bands of -PVDF and -phase are present in the 
polymer microparticles. This fact has been previously reported for electrospun PVDF 
fibers and their composites [14, 15] and was attributed to the combination of low 
solvent evaporation and electric field stretching of the fibers [21]. It the case of 
microspheres produced by electrospray the presence of the electroactive phase is due to 
the low temperature solvent evaporation. 
The -phase content of the microspheres was determined applying Equation 2.2 (see 
section 2.3.2). The variation of β-phase content with polymer concentration and applied 
electric field is present in Figure 3.6b and 3.6c. 
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Figure 3.6. a) FTIR spectrums of 5, 7 and 10 % (w/v) PVDF microspheres and α-PVDF film; b) 
the variation of β-phase content with the concentration and c) the applied electric field for 5 % 
(w/v) samples. 
 
Figure 3.6b and c shows that electrospray processing parameters does not influence 
substantially the amount of β-phase content present in the sample as phase content is 
mainly determined by the low crystallization temperature (room temperature) that 
favors polymer crystallization in the electroactive phase [16]. 
 
3.3.3. Thermal Characterization 
 
DSC has been often used in the identification and in the quantification of the PVDF 
crystalline phases [15, 16]. The characteristic melting peaks depends both on crystalline 
phase and morphology of the polymeric structure [15]. It is thus stated that the melting 




temperature of the α- and β-PVDF occurs in the range of 167 ºC to 172 ºC [15]. Figure 
3.7a and 3.7b show the characteristic DSC thermographs of the microspheres, showing 
single melting peaks with a melting temperature (Tm) of 170 ºC for the samples prepared 
for 5, 7 and 10 % (w/v) solution concentrations and for microspheres obtained at 
different applied electric fields. The degree of crystallinity of the samples was 
determined from the DSC curves using Equation 2.3 (see section 2.3.3). 
 
Figure 3.7. DSC thermographs of the PVDF microspheres obtained from a) 5, 7 and 10 % (w/v) 
polymer solutions and b) for 5 % (w/v) at different applied electric fields. Variation of the 
sample melting temperature and degree of crystallinity with c) the solution concentration and d) 
applied electric field.  
 
It was observed that processing parameters led to variation in the degree of crystallinity 
between 47 and 57 %, the melting temperature being independent on the processing 














































































































conditions (Figure 3.7c and 3.7d). These results are similar to the ones observed for 
electrospun PVDF fiber mats [14]. 
 
3.3.4. Cell viability 
 
Figure 3.8 shows the scheme and also the macroscopic figures of MC3T3-E1 cells with 
and without PVDF microspheres cultured in vitro after 24 h incubation. Is possible 
observe that, after 24 h, PVDF microspheres mixed with MC3T3-E1 pre-osteoblast 
formed a cell/microspheres pellet in the bottom of the eppendorf (Figure 3.8a). On the 
other hand, the positive control didn't form a stable structure and the cells remain 
dispersed in the eppendorf or forming small aggregates in the walls of the eppendorf. 
 
 
Figure 3.8. Scheme and macroscopic figures of MC3T3-E1 cells with and without PVDF 
microspheres cultured in vitro after 24 h incubation: a) MC3T3-E1 cells mixed with 
microspheres; b) Cells without microspheres used as control. 
 
The viability of MC3T3-E1 cells seeded in an Eppendorf with and without PVDF 
particles was examined by MTT assay (Figure 3.9). The cell viability percentage was 
calculated after Equation 3.1 [22]: 
 
𝐶𝑒𝑙𝑙 𝑣𝑖𝑎𝑏𝑖𝑙𝑖𝑡𝑦 (%) =
𝐴𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒 𝑜𝑓 𝑠𝑎𝑚𝑝𝑙𝑒





The obtained results reveal that the cell agglomerates are viable for both. Comparing the 
PVDF microspheres/cells pellet with the cell pellet used as control it is possible to 
verify a higher number of cells after 72 h on the pellet with microspheres. This result 
shows that the PVDF microspheres can provide a suitable environment for cell growth, 




than can be further explored through suitable mechanical stimulation leading to 
































Figure 3.9. MTT assay for PVDF microspheres/cells and cells pellets (control +). Results are 




PVDF microspheres with spherical morphology have been prepared from a PVDF 
solution concentration using DMF/ THF mixture solutions by a stable electrospray 
process. It was observed that dilute or semi dilute concentrations favored the formation 
of PVDF microspheres, with average diameters ranging between 0.81 ± 0.34 and 5.55 ± 
2.34 m for concentrations between 2 and 7 % (w/v) respectively, while higher 
concentration promotes fibers formation. No significant differences occur in the average 
microspheres diameter with the variation of the electrospray processing parameters.  
Infrared spectroscopy showed that electrospray allows the processing of the PVDF 
particles in the β-phase, with electroactive phase contents of around 70 %. Moreover, 
processing parameters does not influence substantially the amount of β-phase content. 
DSC results of the PVDF microspheres show that the mixture of solvents used during 
the PVDF dissolution and the varying electrospray processing conditions allow 
variations in the degree of crystallinity between 47 and 57 %, being the melting 
temperature of the samples independent on the processing conditions.  




MC-3T3-E1cell adhesion was not inhibited by the PVDF microspheres preparation, 
indicating the suitability of the material for the development of electroactive scaffold for 
biomedical applications. 
Thus, this work reports on the production of PVDF microspheres by electrospray. By 
controlling solution parameters, namely polymer concentration, a stable process has 
been achieved allowing to obtaining microspheres with controlled size. The suitability 
of the developed microspheres as a substrate for tissue engineering application was 
proven by cell viability studies performed with osteoblast-like MC3T3-E1 cells.  
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4. Strategies for the development of three dimensional 
scaffolds from piezoelectric poly(vinylidene fluoride)  
PVDF has been proven to be a suitable as a substrate for tissue engineering in the form 
of microspheres and two dimensional membranes. On the other hand, many tissue 
engineering strategies require three-dimensional scaffolds in order to be implanted. This 
chapter describes several strategies for developing three dimensional scaffolds from 
PVDF. Three processing methods, including solvent casting, solvent casting with 
particulate leaching and freeze extraction with 3D nylon and PVA printed templates are 
presented in order to obtain three-dimensional scaffolds with different architectures and 
interconnected porosity. The morphology, physico-chemical properties and the 
electroactive β-phase content were evaluated. Quasi-static mechanical measurements 
were also performed to evaluate the mechanical performance of the scaffolds. 
 
 
This chapter is based on the following publication: D. M. Correia, C. Ribeiro, V. 
Sencadas, L. Vikingsson, M. Oliver Gasch, J. L. Gómez Ribelles, G. Botelho, S. 
Lanceros-Méndez. Strategies for the development of three dimensional scaffolds from 
piezoelectric poly(vinylidene fluoride). Submitted. 2015. 




4.1. Introduction  
 
Different processing techniques are being applied to tailor the shape of the scaffolds for 
temporary or permanent cell supports in tissue engineering (TE) applications [1, 2]. The 
versatility of these scaffolds is associated with variables such as composition, size and 
shape, degree of porosity and pore size that can be modeled to obtain an optimized 
system for specific cells and/or tissues [3]. These natural or synthetic functional 
scaffolds are used for culturing cells in order to generate tissues that can be later 
implanted in the human body [2].  
Strong efforts are being performed in the development of 3D scaffolds as support for 
tissue engineering applications. They offer important advantages comparatively to two 
dimensional (2D) structures such as, films and fiber mats, as they allow a biomimetic 
environment for cell-cell interaction, cell migration and morphogenesis, promoting a 
better interconnection between cells and tissues [4]. In this sense, the scaffolds should 
present a pore size enabling the accommodation of cells, promoting/allowing cellular 
adhesion, growth and migration. Furthermore, a suitable pore interconnectivity is 
essential for the transport of nutrients and metabolites [4], as well as, an appropriate 
microenvironment, allowing the transmission of biochemical and/or mechanical and/or 
electrical clues.  
Several methods have been proposed for 3D scaffolds production, conventional 
methods including etching, template-assisted synthesis, solvent casting, particulate 
leaching, gas foaming, contact printing, wet-chemical approach and electrospinning [4, 
5]. More recently, rapid prototyping (RP) technologies including fused deposition 
modeling (FDM), precision extrusion deposition (PED), selective laser sintering (SLS), 
stereolithography (STL) and 3D printing have been used to overcome the drawbacks of 
conventional methods, including inaccurate control over the micro- and macro-scale 
features, allowing the fabrication of scaffolds with a controlled microstructure and 
porosity [6].  
3D structures based on smart and functional biomaterials are increasingly playing an 
important role in TE applications once they do not work just as passive supports, but 
can also play a relevant role in the development of tissues and cells [7] by 
triggering/stimulating specific cues on both cells and tissues [8]. Also in order to 
promote a better compatibility between cells and the biomaterial, different strategies 
have been used, including surface tailoring with bio-mimetic molecules such as peptides 




and adhesive proteins, tuning chemical and physical properties to produce similarity to 
native ECM, to modulate the surface and bulk properties or providing external 
therapeutic molecules in order to stimulate the surrounding cells and tissues [8]. The 
internal modulation mainly involves biomimetic modification of chemical, physical 
and/or biological properties in order to mimic the native tissue and provide a more 
friendly environment and enhance target functions such as adhesion, proliferation, 
migration and differentiation [8]. Among the most interesting clues to be provided to 
specific cells, such as mechanical [9] and (bio) chemical [10], electrical clues have 
already proven to be important in TE applications [11]. In that sense, piezoelectric 
polymers, materials that generate a voltage under mechanical loading without the need 
of electrodes or external power source, offer a unique opportunity to deliver electrical 
cues directly to cells [12]. The relevance of this effect for biomedical applications is that 
several tissues such as bone, cannot only take advantage of this effect, as they are 
subjected to electromechanical functions, but they are piezoelectric themselves [13], 
suggesting the biomimetic need of this effect in the scaffold. Previous studies have 
shown that electroactive polymers, in particular piezoelectric PVDF, are suitable for the 
development of electro-mechanically bioactive supports [14, 15].  
Different techniques have been used to process PVDF and its polymer/composites based 
in different strategies (Table 4.1) to obtain various morphologies including particles [16, 
17], films [18-21] and fibers [14, 22-27] in order to better suit specific tissue 
engineering strategies. Further, it has been shown that substrates based on PVDF have 
different influence on cell adhesion, proliferation and differentiation [7] depending on 
their morphology.  
Table 4.1 summarizes the different PVDF structures used as supports for cell viability 
studies. To the best of our knowledge no studies regarding 3D structures based on 














Composition Method Application Ref. 
Particles 
    
PVDF Electrospray Tissue engineering [17] 





Fibronectin adsorption [28] 
Enhanced proliferation of pre-
osteoblastic cells 
[28] 




Homogeneous cell distribution 
and more significant deposition 
of fibronectin 
[30] 
   
Fibers 
PVDF Electrospinning 





Promoting the neuronal 





Promising base material for 
manipulating cell behavior and 




Neurite extension of primary 
neurons 
[32] 
PVDF/PU Electrospinning Wound healing [14] 
PVDF Electrospinning Bone [33] 
 
Thus, in order to extend the applicability of the material for effective tissue engineering 
applications, this work reports on three different strategies for the preparation of 
electroactive 3D PVDF scaffolds with tailored porosity and pore size. Further, the 
influence of the processing technique on polymer porosity, electroactive phase, 
crystallinity and mechanical properties, were systematically studied. 
 




PVDF (Solef 1010/1001) was acquired from Solvay. Analytical grade DMF was 
purchased from Merck and formic acid and ethanol were purchased from Sigma 




Aldrich. PVA filaments with 1.75 mm were supplied by Plastic2Print (Netherlands). 
Sodium chloride (NaCl), 99 % was purchased from Fisher Scientific. 
 
4.2.2. Scaffolds production methods 
 
4.2.2.1.Solvent-casting particulate leaching 
 
PVDF scaffolds were prepared via solvent casting method. The polymer was dissolved 
in a DMF solution (10 % w/v) under mechanical stirring. After complete dissolution of 
PVDF, 5, 10 and 20 g of NaCl was added to the solution. After solvent evaporation at 
room temperature, the membranes were placed under vacuum and allow drying at room 
temperature. After solvent evaporation, the membranes were washed thoroughly with 
distilled water until complete salt removal. The resultant microporous membranes were 
again vacuum dried, until a constant weight was obtained. 
 
4.2.2.2.Solvent casting with a 3D nylon template 
 
For this procedure, nylon plates (Saatilon) with a pore diameter of 60 and 150 μm (NT-
60 and NT-150) were cut into  2 × 2 𝑐𝑚2 samples and piled up on top of each other (5 
layers) inside a Teflon Petri dish. The PVDF solution (prepared as indicated above) was 
carefully added to the nylon plate assembly. After solvent evaporation at room 
temperature, the scaffolds were rinsed with formic acid to remove the nylon plates in 
order to obtain the porous scaffold. Finally, the scaffolds were rinsed with water and 
dried in the same conditions as the solvent casting samples reported above.  
 
4.2.2.3.Freeze extraction with a 3D PVA template 
 
PVA templates were fabricated in the 3D printer Bits from Bytes 3D Touch. The printer 
parameters were optimized to obtain different porous structures. Four PVA templates 
with different filament distances were fabricated. The designation of each template is 









Table 4.2. PVA template designation with corresponding distance between filaments. 






PVDF scaffolds were produced by two different approaches. The PVDF solution 
(prepared as indicated above) was casted into a PVA template to completely fill the 
porous structure. Afterwards, DMF solvent evaporation was performed at 60 ºC in a 
Homo Vacuo-Temp. After complete solvent evaporation, the PVA template was 
extracted with deionized water in order to obtain the porous structure in the form of 
interconnected channels. The PVA washing step was performed 3 times daily during 3 
days. Furthermore, a freeze extraction method was used to prepare highly porous 
scaffolds. After introducing the PVDF solution into the free space of the PVA template, 
it was quickly frozen by immersion in liquid nitrogen and then stored at -80 ºC to 
induce crystallization and phase separation between PVDF and DMF. Then, ethanol 
precooled at -80 ºC was poured on top of the template containing the frozen polymer 
solution in order to extract DMF while the whole system is kept at -80 ºC. The ethanol 
was changed twice a day during 3 days to fully remove the DMF solvent. After solvent 
removal, the PVA template was extracted by washing repeatedly with deionized water 
at room temperature, as described above.  









Figure 4.1. Schematic representation of the different procedures for PVDF three dimensional 
scaffolds production. 
 
A neat porous PVDF membrane (10 % w/v in DMF) prepared via solvent casting [34] 
method was used to compare with the tridimensional structures. 
 
4.2.3. Sample characterization 
 
PVDF scaffolds morphology and porosity were analyzed by SEM and pycnometer 
method as described in chapter 2 (section 2.2.4). Pore size distribution was examined by 
ImageJ software.  
The crystalline phase or phases present in the scaffolds were confirmed by FTIR and the 
degree of crystallinity by DSC as previously mentioned in chapter 2 (section 2.2.4). 
Mechanical experiments were performed on cylindrical samples with approximately 6 
mm diameter and 3 mm height in a Shimadzu AG-IS universal testing machine in 
compression mode at a test velocity of 1 mm.min-1. The samples were submitted to a 
compressive-strain cycle load up to 10 cycles at a strain of 15 % with a 500 N load cell. 
Strain deformation was measured by machine cross-head displacement. The Young’s 
modulus was calculated from the slope at the initial linear stage of the stress–strain 
curves and the tensile strength was determined from the maximum load.  
 




4.3. Results and discussion  
 
4.3.1. Scaffolds morphology 
 
In order to produce piezoelectric PVDF scaffolds, the polymer was dissolved in DMF 
solvent and different strategies were applied to tailor the final porosity and pore 
interconnectivity of the polymer structures. The PVDF scaffold obtained through 
solvent casting with NaCl as a sacrificial material (Figure 4.2a) shows a porous 
structure with the bigger porous with approximately 300 - 400 m (Figure 4.3a), which 
are of the same size range as pristine NaCl crystals (262 to 370 μm). The porous 
formation occurs after polymer crystallization in places previously occupied by the 
porogen, and the pore size is controlled by the size of the sacrificial particle size. 
However, the salt leaching method does not allow the design of structures with 
completely interconnected pores with a regular and reproducible morphology. 
3D PVDF structures with high porosity and interconnected pores can be achieved by 
solvent casting with a 3D nylon template and freeze extraction with a PVA template 
(Figure 4.2b and 4.2c). As shown in Figure 4.2b and 4.2c, scaffolds fabricated using a 
3D template present a good interconnected porous structure (Figure 4.2c) with well 
distributed pores. When nylon templates were used porous structures with 
approximately 60 μm and 130 μm can be obtained (Figure 4.2b and 4.3b). The size of 
the pores was governed by the sacrificial filament geometry and the space between the 
filaments was fully filled with the polymer solution. Then, crystallization leads to small 
interconnected porous (below 5 m) within the major ones (Figure 4.2c), corresponding 
to the former filament places. The samples prepared by freeze drying extraction show 
the pores left by the sacrificial PVA filaments, with an inner diameter between 300 – 
400 m (Figure 4.2c).  
 
 





Figure 4.2. SEM images of the morphology of the PVDF scaffolds obtained by a) salt leaching 
method, b) using nylon templates and c) using PVA templates and freeze extraction. 
 
The same procedure was not feasible when a PVA template obtained by 3D printing 
was used, due to the larger diameter of the PVA filaments. Further, even increasing the 
solvent temperature during solvent evaporation to 60 ºC, followed by the dissolution of 
PVA in water, it was not possible to achieve a tridimensional porous structure (results 
not shown). To overcome this issue, the solution was immersed in liquid nitrogen to 
immediately freeze the solution and stored at -80 ºC with ethanol, to improve the DMF 
solvent dissolution by the ethanol, while the polymer chains remained frozen (Figure 
4.2d). After the samples were washed with water to PVA removal and dried at room 
temperature, the space initially occupied by the non-solvent became micropores and the 
pore architecture finally obtained consists in an orthotropic structure of interconnected 
channels whose walls are in turn connected by micropores. Figure 4.3c shows that the 
channels in the scaffolds are well interconnected and their average diameter ranging 
between 316 and 413 μm corresponds to the diameter of the sacrificial PVA filament 
obtained by 3D printing (Table 4.2). 
The influence of the adopted processing technique and the porogen used on the overall 
porosity was assessed by gravimetric method, while the pore size and its distribution 
was measured through the SEM images (Figure 4.2). In general, all samples show pores 
in the same range of the sacrificial material used (Figure 4.3). The highest overall 
porosity was achieved for the samples with NaCl as porogen, being the sample with the 
highest porosity the ones with the highest amount of sacrificial material (Figure 4.3).  
  


























































































































Figure 4.3. Pore size distribution of the PVDF scaffolds obtained by a) solvent casting with 
NaCl leaching, b) solvent casting with a 3D nylon template and c) freeze extraction with a 3D 
PVA template d) Degree of porosity of the PVDF scaffolds. 
 
4.3.2. Surface chemical characterization and phase content 
 
FTIR-ATR spectroscopy was performed in order to study possible chemical 
modifications induced by the processing technique in the PVDF scaffolds. Moreover, 
this method provides valuable information to distinguish between the different PVDF 
polymorphs [35] and, in particular, to quantify the piezoelectric β-phase content present 
in the scaffolds.  
Figure 4.4a shows the main absorption band at 840 cm-1 characteristic of the β-phase of 
PVDF [35]. Also absorption bands at 765, 795 and 855 cm-1, relative to -PVDF are 
also observed, independently of the processing technique. Further, no absorption bands 
corresponding to the different porogen materials or solvents were detected, which 
suggests that the removal of the sacrificial materials was complete.  
Figure 4.4b shows that the scaffolds production methods does not influence 
significantly the amount of β-phase content determined applying Equation 2.2 (see 




section 2.3.2). Comparatively to PVDF membranes which present a β-phase content of 
91 %, scaffolds produced by salt leaching, solvent casting and freeze extraction show β-
phase contents of 86, 90 and 94 %, respectively. In this sense, as low crystallization 
temperature (e.g. room temperature) favors the PVDF crystallization in the β-phase, 
also freeze extraction method induces the formation of the polymer electroactive phase. 
 















































Figure 4.4. a) FTIR spectra of neat PVDF and the scaffolds processed by different methods and 
b) variation of β-phase content for the same samples.  
 
4.3.3. Thermal characterization 
 
DSC was performed to assess the influence of the processing technique and porogen in 
the polymer degree of crystallinity. It was observed that the incorporation of different 
fillers leads to a shift towards lower temperatures of the melting transition, when 
compared to the neat PVDF sample obtained from solvent casting, particularly noticed 
when NaCl is used (Figure 4.5). In this way, the strong ionic character of the salt, lead 
to strong interaction with the highly polar polymer chain, reducing the stability region 
of the crystalline structure [36]. Moreover, the meting transition appears as a broad 
endothermic peak for all samples, suggesting a distribution of crystal sizes among the 
polymer matrix. 
The degree of crystallinity of the PVDF samples was determined from the DSC curves 
and Equation 2.3 (see section 2.3.3). Different porogen materials show different effects 
on polymer degree of crystallinity. Pristine PVDF polymer shows a degree of 




crystallinity ~ 45 %, but for the sample prepared with NaCl, the sample shows an 𝑋𝑐 
around 33 %. Low et al. [37] showed that when small amounts of NaCl are added to the 
PVDF solution, the salt, combined with free radicals near the crystalline surface 
promotes an increase of sample crystallinity [37]. However, beyond a critical 
concentration, the excess of salt will interact with the PVDF on the crystallite surface 
and promotes atoms dislocation, resulting in a decrease of the crystallinity degree of the 
PVDF sample (Figure 4.5b). Most relevant, the large amounts of filler used in the 
present investigation act as defective structures, leading to hindered spherulite growth 
during polymer crystallization [38]. On the other hand, when a nylon mesh was used as 
a template, an increase of the degree of crystallinity of the sample was observed up to 
55 %, while for the PVDF prepared with PVA porogen, the degree of crystallinity 
present in the sample is similar to the observed for the pristine PVDF (Figure 4.5b).  
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Figure 4.5. a) DSC thermographs of neat PVDF and PVDF scaffolds obtained from solvent-
casting particle leaching and with nylon and PVA templates; b) variation of the degree of 
crystallinity for the different scaffolds.    
 
4.3.4. Mechanical characterization 
 
Various cellular activities are influenced by mechanical properties of surrounding 
tissues and scaffolds [39]. Cyclic stress vs strain measurements obtained under 
compressive mode and for a strain of 15 %, for the different PVDF structures are shown 
in Figure 4.6. The final mechanical strain of 15 % was defined to match the 
characteristic deformation of the natural cartilage and it is also used as the target strain 
in experiments with bioreactors for chondrogenic differentiation [40, 41]. 




The mechanical performance of the scaffolds obtained for different NaCl concentrations 
show a similar behavior, attributed to the similar porosity (Figure 4.2) present in the 
sample (data not shown). For all tested samples, the difference between the first and the 
second cycle is related to the processing history and to the surface of the mechanical pin 
accommodation among the sample surface. Further, some permanent deformation 
during the first compression cycle was observed (Figure 4.6). In successive load-unload 
compression cycles, it was observed an increase of the irreversible processes, leading to 
permanent deformation, reflected by the slight decrease of the maximum stress reached 
in the stress-strain loop (Figure 4.6). The samples prepared by nylon template meshes 
collapse after three consecutive mechanical loading-unloading cycles (data not show), 
but the maximum stress for the first cycles was quite higher when compared to the rest 
of the porous samples obtained by different methods. This behavior is probably related 
to the microstructure and distribution of the pores among the sample, which is 
characterized by perpendicular channels with an overall porosity of ~ 66 ± 3.3 % 
(Figure 4.3). When the mechanical cycle is applied to the sample, the stress is not 
uniformly distributed among the polymer bulk due to the dual porosity e.g. small pores 
of 2 m diameter and pores with 60 and 150 m, which leads to a collapse of the 
channels formed by the nylon mesh, due to the small polymer thickness when compared 
to the bulk PVDF polymer structure. 
For the rest of the samples it was observed that the maximum stress decreases with 
increasing mechanical loading-unloading cycle, showing the samples obtained from salt 
leaching and the freeze dried M1 (distance between filaments of 0.6 mm) similar 
mechanical hysteresis patterns (Figure 4.6). The sample M4 (filaments placed at 1.2 mm 
between each other) is the one with the lowest maximum stress at the end of each cycle. 
This behavior is related to the big size of the channels when compared to sample M1 
that locally induces a poor mechanical load distribution due to the decrease of the 
thickness in the region between the channels. 














































































Figure 4.6. Characteristics stress–strain curves of PVDF scaffolds for compression assays at 15 
%. PVDF scaffolds obtained by a) solvent-casting NaCl leaching, b) freeze extraction with a 
M1 template c) freeze extraction with a M4 template. d) Evolution of the maximum stress 
obtained up to 10 cycles. 
 
The apparent elastic modulus (𝐸) was calculated from the stress-strain data at 1 % 
deformation and the results are shown in Table 4.3. The scaffolds prepared by NaCl 
leaching show a higher 𝐸 when compared to the rest of the samples. This result is 
interesting due to the high porosity present in these samples, being explained by the fact 
that the pore walls in such samples are homogeneously distributed among the polymer 
bulk, which promotes an evenly distribution of the mechanical load between the 
polymer walls. The samples prepared by PVA template and freeze drying, as well as the 
ones obtained by nylon mesh show a similar morphology, characterized by the big 
channels from the template. This leads to a dual distribution of the mechanical stress, 
one part being supported by the bulk polymer with pore size of ≤ 2 m and the other by 




the channels with small wall thickness, which ultimately leads to a decrease of the 
mechanical properties, as observed in Figure 4.6, and to a decrease of 𝐸 (Table 4.3).  
 
Table 4.3. Tangent modulus (MPa) of scaffolds at 15 % of strain presented as average ± 
standard deviation. 
Sample Young Modulus (MPa) 
NaCl leaching 2.2 ± 0.3 
Nylon template 0.4 ± 0.1 
M1 0.79 ± 0.08 
M2 0.94 ± 0.03 
M3 1.02 ± 0.01 
M4 1.5 ± 0.3 
 
Thus, Figure 4.7 shows the PVDF structures with different morphologies and 
geometries that can be obtained using different processing methods, the PVDF scaffolds 
with different pore sizes being the ones presented in this work and obtained by three 
different methods.  
 
         [17] [20, 29]         [15, 32, 42]       (this study) 
 











PVDF three dimensional scaffolds can be obtained by NaCl salt leaching, solvent 
casting and freeze extraction with nylon and PVA templates, respectively. The different 
preparation methods allow tuning pore size, interconnectivity and porosity. Thus, 
varying the ratio of NaCl/porogen and the distance between the filaments of the 
templates allows to control the porosity of the scaffold. The structure of the 3D 
templates allows obtaining scaffolds with well interconnected pores. Infrared 
spectroscopy showed that all processing methods result in scaffolds mainly in the 
piezoelectric β-phase of PVDF (between 86 and 94 %) and with a degree of crystallinity 
between 33 and 47 %. The characterization of the scaffolds by mechanical compression 
tests and the relation between scaffold porosity and mechanical properties showed that 
higher porosities promotes a significant decrease in the tensile strengths and the 
Young’s Modulus, the overall results indicating the suitability of the PVDF scaffolds 
for tissue engineering applications.  
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5. Influence of electrospinning parameters on 
poly(hydroxybutyrate) electrospun membranes fiber size 
and distribution 
PVDF and co-polymers are the polymers with the largest piezoelectric response. There 
materials are biocompatible but they are not biodegradable, limiting their potential use 
in certain applications. This chapter reports on the production of biodegradable 
electrospun membranes of PHB by electrospinning. The influence of processing 
parameters on morphology, fiber size and distribution was systematically studied. The 
physico-chemical properties of the polymer, including crystalline phase and thermal 
degradation were evaluated. The potential of the PHB membranes for biomedical 
applications was also tested.  
 
This chapter is based on the following publication: D. M. Correia, C. Ribeiro, J. C. 
Coelho, G. Botelho, J. L. Gomez Ribelles, S. Lanceros-Méndez and V. Sencadas. 
Influence of electrospinning parameters on Poly(hydroxybutyrate) electrospun 
membranes fiber size and distribution. Polym. Eng. Sci. 2014. 54: 1608–1617. 






In recent years, much attention has been paid to the production, processing and 
applications of polyhydroxyalkanoates (PHAs) in the biomedical field. PHAs are 
natural polymers synthesized by a wide variety of microorganisms such as soil bacteria, 
blue-green algae and genetically modified plants, being the PHB the most common type 
of PHAs [1]. 
PHB was discovered by Lemoigne in the bacterium Bacillus megaterium in 1926 [2, 3]. 
It was the first polymer of the PHAs class to be discovered and it is also the most 
widely studied and the best characterized PHA. PHB is a non-toxic, insoluble in water, 
biodegradable and biocompatible thermoplastic polymer with a high crystallinity degree 
and with physical properties similar to polypropylene [3-5]. The high crystallinity of 
PHB (almost 80 %) is a consequence of its perfect stereoregularity and high purity, 
resulting from its bacterial fermentation production [6]. 
Due to its natural origin and its properties, PHB is suitable for biomedical applications. 
It has been already evaluated for controlled drug release systems, surgical structures, 
wound dressings, orthopedic devices, tissue engineering and skin substitute materials, 
among others [7]. However, the high crystallinity and brittleness of PHB limits its 
application potential [3]. The high nucleation rate and smaller number of PHB nuclei 
often results, during crystallization, large spherulites that exhibit inter-spherulitic 
cracks. Polymer glass transition occurs near 0 ºC which is below room temperature, and 
secondary crystallization of the amorphous phase occurs during storage [6]. 
For tissue engineering applications, studies with PHB have shown that cells such as 
osteoblasts, epithelial cells and ovine chondrocytes adhered efficiently to PHB films 
synthesized by both solvent casting and solute-leaching techniques [1]. Furthermore, 
composites of amorphous carbonated apatite (ACP) and poly-(R)-3-hydroxybutyrate 
contribute to cell proliferation [6] and PHB with hydroxyapatite (HAP) composites 
improves osteoblasts cell growth [8]. 
Due to the promising application of PHB in tissue engineering applications, further 
studies have been conducted in electrospun PHB fibers, as electrospun polymeric 
membranes have attracted an increasing interest for tissue engineering applications due 
to their nanostructured morphology, which shall mimic the extracellular matrix 
components distribution like collagen [7] or elastin [9]. Furthermore, electrospun 




membranes have large specific surface area and high porosity, which are desirable 
properties for nutrient delivery, fluid absorption excretion, and oxygen supply [7]. 
Ultrafine fibers of PHB, PHBV (poly(hydroxybutyrate-co-hydroxyvalerate)) and their 
blends have been produced using chloroform as a solvent system and its viability was 
evaluated with mouse fibroblasts [10], and used for bone scaffolds, especially cell 
attachment, proliferation and alkaline phosphatase (ALP) activity of human osteoblasts 
[1]. 
Fiber mats of PHB have been prepared under different conditions, including spinning 
PHB solution with chloroform as a solvent [11], producing three-dimensional 
nanofibers nonwoven webs from solution of PHB and dodecylbenzene sulfonic acid 
(DBSA) doped polyaniline in chloroform/trifluoroethanol mixture [12] and 
electrospinning pure PVA, PHB and their blends using a solvent system of 1, 1, 1, 3, 3, 
3-hexafluoro-2-propanol (HFIP) [7]. 
Sucrose is available in large quantities from sugar cane industry and from the ethanol 
production in Brazil via microbial cultivations in bioreactors. Rodrigues et al. [13] 
found that Burkholderia sp. strains (IPT64 and IPT77B), which grew faster in sucrose 
and were able to accumulate PHA as intracellular storage compounds. After extraction 
and purification of the polymer, it can be successfully processed by conventional 
polymer techniques such extrusion or solvent casting [14]. Up to our knowledge, the use 
of such PHB obtained from the sugar cane waste and processed into electrospun fibers 
meshes was not reported. Finally, despite the aforementioned investigations and the 
large application potential of these materials for tissue and biomedical engineering, 
there is a lack of systematic study on how processing parameters modify membrane 
fiber dimensions which is one of the key features for tailoring membranes for specific 
applications. In the present work PHB obtained from sugar cane residues was processed 
by electrospinning and a systematic study of the influence of electrospinning parameters 
such as applied voltage, needle inner diameter and solution flow rate on fiber 
morphology is presented. The suitability of the developed membranes for biomedical 













PHB (molecular weight of ~ 531112 Da) from sugar cane was supplied by PHB 
Industrial and dissolved in a blend of DMF, from Merck, and Chloroform (CF, from 
Merck) (3/7 v/v), at 60 ºC under stirring until complete polymer dissolution, to achieve 
a polymer concentration of 7 and 10 % (w/w) of the final solution.  
 
5.2.2. Electrospinning processing 
 
The polymer solution was placed in a commercial plastic syringe (10 mL) fitted with a 
steel needle with different diameters (from 0.5 mm up to 1.7 mm). Electrospinning was 
conducted at 40 ºC in a home-made controlled temperature chamber with a relative 
humidity of 55 %, at different electrical fields created by a high voltage power supply 
from Glassman (model PS/FC30P04). A syringe pump (from Syringepump) was used to 
feed the polymer solutions into the needle tip at a rate between 5 and 20 mL.h-1. The as-
spun random oriented fibers were collected in grounded collecting plate. 
A PHB film was produced by solvent casting from the same solution at 60 ºC, because 
films crystallized during solvent evaporation at temperatures below that presented high 




Electrospun fibers were coated with a thin gold layer using a sputter coating (Polaron, 
model SC502) and their morphology was analyzed using SEM (Cambridge, Leica) with 
an accelerating voltage of 15 kV. The fibers average diameter and their size distribution 
was calculated over approximately 40 fibers using de SEM image (2000X 
magnification) and the ImageJ software. 
FTIR were performed at room temperature in an ABB FTLA 2000 apparatus in 
transmission mode from 4000 to 500 cm-1. FTIR spectra were collected after 32 scans 
with a resolution of 4 cm-1. Contact angle measurements (sessile drop in dynamic mode) 
were performed at room temperature in a Data Physics OCA20 device using ultrapure 
water as test liquid. The contact angles were measured as described in the experimental 
section of the chapter 2 (section 2.2.4). 




The thermal degradation kinetics of PHB was characterized by means of 
thermogravimetric analysis in a Perkin-Elmer Pyris-1 TGA apparatus using different 
heating rate scans. All experiments were performed under a nitrogen atmosphere. DSC 
were performed in a Perkin-Elmer Pyris-1 apparatus at a heating rate of 10 ºC.min-1. 
The samples for the DSC studies were cut into small pieces from the middle region of 
the electrospun membranes and placed into 40 µL aluminum pans. All experiments 
were performed under a nitrogen purge. 
 
5.2.4. Cell culture 
 
For cell culture, circular PHB nanofiber membranes with 13 mm of diameter were 
prepared. For sterilization purposes, the nanofibers were immersed in 70 % ethanol for 
30 min several times. Then, the membranes were washed 5 times for 5 min with PBS 
solution followed by washing 3 times with the culture medium to eliminate any residual 
ethanol.  
MC3T3-E1 cells (Riken cell bank, Japan) were cultivated in DMEM 1 g.L-1 glucose 
(Gibco) containing 10 % FBS (Fisher) and 1 % P/S. 
For the study of cell viability, the osteoblast-like cells were seeded in 24-well TC plates 
with PHB fiber membranes at cell density of 3×104 cells/well for 2 days. For the 
quantification of cell viability, MTT assay (Sigma-Aldrich) was carried out. The cell 
viability was evaluated using Equation 3.1. 
 
5.3. Results and Discussion 
 
5.3.1. Fiber mat morphology and average fiber diameter  
 
The parameters having influence on the morphology and properties of the electrospun 
fibers can be divided in three main groups: initial polymer solution, jet formation and 
collection procedure [15]. Among the parameters related to the polymer solution, the 
most relevant are the nature of used solvent (dielectric properties, volatility, boiling 
point and others), the solution concentration, that controls its viscosity, and the 
molecular weight of the polymer (that must allow polymer entanglement). Moreover, 
parameters that control the jet formation, stability and solvent evaporation are the flow 
rate through the needle, needle inner diameter, distance from the needle to collector, 




temperature, moisture and applied voltage. With respect to the collection procedure, it 
can be static or rotating collector, and in the last case the rotating speed of the collector 
is the most important parameter determining fiber orientation and diameter [15-17]. The 
number of parameters that influence the electrospinning process is quite high and in 
order to allow a broad characterization of the influence of the electrospinning 
parameters on fiber size and distribution some of them should be fixed. 
In order to obtain well-formed fibers and samples without bead defects, a blend of 
CF/DMF solvents was used to dissolve the PHB polymer. CF was used to dissolve the 
polymer, but it has low dielectric constant and boiling point resulting in fast polymer 
crystallization, giving origin to needle obstruction and non-continuous electrospun 
polymer processing. In that sense, DMF (with higher dielectric constant and lower 
volatility, see Table 5.1) was added to the solution, allowing to solve the 
aforementioned problems and resulting in stable and continuous processing of the fiber 
membranes.  
 
Table 5.1. Physical and thermal properties of the solvents used for the processing of the fibers. 














DMF -61 1300 382 38.2 0.944 
CF -63 47.6   1.15 4.8 1.483 
 
The influence of the applied electric field was investigated keeping constant the value of 
the inner needle diameter at 0.5 mm and a flow rate of 10 mL.h-1. The morphology of 
the obtained samples is represented in Figure 5.1. A histogram (Figure 5.1c and 5.1d) of 
the fiber diameter distribution, determined from the SEM images and fiber average size 
and standard deviation was obtained. The as-spun membranes presented a fibrillar 
structure, without bead formation, with a smooth surface and with randomly oriented 
fibrils on the static grounded collector. 
 













































Figure 5.1. PHB electrospun membranes obtained at 10/90 (10 % PHB + 90 % solvent blend) 
with a needle inner diameter of 0.5 mm and a flow rate of 10 mL.h-1 at 1 kV.cm-1 [a) and c)] and 
1.75 kV.cm-1 [b) and d)]. 
 
Samples obtained at several applied electric fields between the needle tip and the 
ground metallic collector showed a mean diameter that ranges between 1.31 ± 0.13 m 
and 2.01 ± 0.17 m (Figure 5.2). An increase of the mean fiber diameter with increasing 
of the applied electric field was observed until 1.5 kV.cm.-1. By further increasing the 
applied electric field, a decrease of the mean fiber diameter occurred (Figure 5.2a) due 
to changes in mass flow and jet dynamics promoted by the applied electric field [15]. 
The formation of the thin fibers is mainly due to the stretching and acceleration of the 
jets promoted by the high electric field [16, 18] which in turn will result in higher 
charge density on the surface of the jets, increasing jet velocity and  consequently fiber 
stretching. In this sense, it is generally reported that the diameter of the fibers becomes 
gradually smaller with increasing the applied electric field [19-22]. On the other hand, 
as observed in the present experiments and in other cases reported in the literature [15], 




this result is not general since increasing charge density within the applied electric field 
also affect other processing parameters such as jet traveling time, which has the 
opposite effect on the fiber diameter [23]. In order to promote the formation of 
independent and smooth fibers, most of the solvent evaporation must occur during the 
travel between the tip and the metallic ground collector. Increasing electric field 
decreases travelling time. Furthermore, increasing the applied electric field often 
enhances jet instability, promoting multiple fiber formation, which results in a broader 
distribution of the fiber diameters [16, 20, 24]. 
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Figure 5.2. a) Influence of applied electric field and b) Influence of needle inner diameter on 
the mean diameter of the electrospun PHB fibers.  
 
The inner diameter of the needle also plays an important role in the electrospun fiber 
size and distribution. Typically, a small internal diameter reduces clogging and prevents 
the formation of beads on the electrospun fibers as well due to less exposure of the 
solution to the atmosphere during processing [25]. 
For PHB it was found that increasing needle inner diameter is associated to a decrease 
of the fiber mean diameter and size distribution becomes broader (Figure 5.2b). 
Literature shows contradictory results concerning the influence of the internal needle 
diameter. Macossay et al. [15] found no influence of the needle diameter on average 
fiber diameter for poly(methyl methacrylate) electrospun fibers, but on the other hand, 
some authors  report that a decrease of the needle inner diameter is associated to a 
reduction of the fiber diameter, and such behavior was attributed to the increasing 
surface tension of the droplet, which results in variations of the forces needed for jet 
initialization and therefore in traveling time, influencing jet stretching and solvent 
evaporation. For PHB electrospun fibers, the increase of the needle inner diameter 




results in a higher droplet volume ate the needle tip during the electrospinning and no 
stable Taylor cone is achieved, and several jets arise simultaneously from the droplet, 
that are stretched by the electric field giving origin to smaller and broader fiber diameter 
(Figure 5.2b). Further, the area of the droplet expose to air increases with for higher 
needle diameters during processing and as a result clogging at the tip of the needle 
occurred easily and electrospinning terminated automatically within a very short of time 
before sufficient fiber could be produced. Such effect was also observed Tong and 
Wang [26]. 
The influence of the solution feed rate on electrospun fiber mean diameter and 
distribution was also analyzed keeping constant the applied voltage (25 kV) and the 
needle inner diameter (0.5 mm, Figure 5.3). 
It is observed that increasing feed rate from 5 up to 10 mL.h-1 increases the mean fiber 
diameter, but by further increasing flow rates a slight decrease of the mean fiber 
diameter occurs (Figure 5.3). On the other hand, fiber size distribution is very similar 
for the samples collected at different feed rates. It is generally expected increasing fiber 
diameters and number of beads when the feed rate increases due to the larger volume of 
solution that is drawn away from the needle. This increase of volume drawn from the 
needle tip will promote an increase of the time for the solvent to evaporate and 
consequently more time is needed for the polymer to crystallize, given origin to higher 
fiber diameters and broader distribution as observed for other polymer systems like 
PVDF [16], PLA [24] and chitosan [23]. 
For PHB, it seems that the low boiling point of the CF/DMF solvent blend (Table 5.1) 
allows a fast evaporation during the flight time. In this situation, full solvent 
evaporation occurs when the fiber reaches the grounded collector and therefore the feed 
rate does not have strong influence on fiber diameter. It is also observed that for feed 
rates higher than 20 mL.h-1 the jet becomes instable and the fiber reaches the ground 









Figure 5.3. Influence of feed rate on the mean diameter of the electrospun PHB fibers. Needle 
inner diameter: 0.5 mm; applied field of 1.25 kV.cm-1: a) sample obtained at 5 mL.h-1, b) sample 
obtained at 20 mL.h-1 and c) fiber average size and distribution dependence on feed rate. 
 
In order to study the influence of the polymer concentration of the CF/DMF solution, 
different polymer/solvent ratios were prepared. For an amount of 5 % PHB on solvent 
dissolution, electrospinning was not feasible due to the high conductivity of the solution 
that promotes sparks. Increasing PHB concentration to 7 % allows stable polymer 
electrospinning. Moreover, a decrease of the fiber diameter from 1.8 ± 0.2 m (Figure 
5.1) down to 530 ± 140 nm was observed and the fibers present same randomly 
distribution, with smooth fibers, without ribbons or beads (Figure 5.4) observed for the 
polymer concentration of 10 % (Figure 5.1)  
 



















Figure 5.4. a) PHB electrospun membrane obtained at 7/93 (7 % PHB + 93 % solvent blend, 
v/v) for an applied field of 1.25 kV.cm-1, needle inner diameter of 0.5 mm, feed rate of 10 mL.h-
1 (scale bar is 20 μm) and b) histogram of the fiber diameter distribution. 
 
20 µm 




5.3.2. Surface chemical characterization  
 
FTIR was used to monitor variations at a molecular level that might occur due to the 
electrospun conditions. Figure 5.5 shows the characteristic infrared spectra observed for 
PHB film and for the electrospun fibers obtained at different applied electrical fields. 
The overall response of the FTIR spectra is quite similar, no vibration modes are totally 
suppressed and no new modes seems to appear due to the changes in the processing 
parameters (Figure 5.5), i.e. the structure and the crystalline phase of the PHB remain 
the same, independently of the processing conditions. 
 





















































Figure 5.5. a) Infrared spectra for a PHB film and for electrospun samples prepared with tip 
inner diameter of 0.5 mm, a feed rate of 10 mL.h-1 and at different applied electric fields and b) 
DSC curves of PHB electrospun sample collected with tip inner diameter of 0.5mm, a feed rate 
of 10 mL.h-1 and at an applied field of 1.25 kV cm-1. The film was obtained for solvent casting 
at 60 ºC. 
 
PHB absorption bands and their assignments are summarized in Table 5.2. The results 
obtained showed that the most characteristic absorption peaks are the carbonyl and 
hydroxyl groups at ~1720 and 3278 cm-1, respectively. Other characteristic bands for 
PHB polymer appear at ~1276, ~1180, and ~1057 cm-1, which can be assigned to the 
ester groups of the polymer (Figure 5.5).   
 
 




Table 5.2. Characteristic FTIR absorption bands and assignments for PHB polymer [7]. 
Wavenumber (cm-1) Absorption bands 
2976 stretching of C-CH3 
2936 asymmetric stretching of CH2 
2871 CH stretching 
1720 C=O carbonyl group stretching vibration of the crystalline 
carbonyl group 
1687 stretching of C=O (acetate group) (crystalline) 
1452 asymmetric deformation of CH3 
1380 symmetric wagging of CH3 
1277 symmetric C-O-C stretching 
1259 symmetric C-O-C stretching + C-H deformation 
1227 C-O-C stretching 
1180 asymmetric C-O-C stretching 
1130 symmetric stretching vibration of C-O-C group 
1101 symmetric C-O-C stretching 
1057 C-O stretching and CH2 rocking 
981 C-C stretching (crystalline) 
 
5.3.3. Thermal characterization 
 
Differential scanning calorimetry (DSC) normalized thermograms (heat flow divided by 
sample mass and heating rate) are shown in Figure 5.5b. The first heating scan shows a 
strong endothermic peak around 170 ºC that corresponds to melting. On the second 
scan, recorded after cooling from the melt at 10 ºC.min-1, the glass transition appears 
around 0 ºC, and at higher temperatures, a cold crystallization exotherm process is 
observed in the range of 30 ± 60 ºC, with a maximum at 45 ºC. It was observed that 
PHB glass transition temperature occurs around 0 ºC, and if the material is stored at 
room temperature (25 ºC), polymer cold crystallization occurs almost immediately 
















𝑓 × 100 
 
where, ∆𝐻𝑠𝑎𝑚𝑝𝑙𝑒 and ∆𝐻0
𝑓
 (= 146 J.g-1 [27, 28]) are the experimental melting enthalpy 
and the thermodynamic melting enthalpy of a 100 % crystalline PHB polymer, 
respectively. Both PHB samples, film and electrospun membrane show the same 
crystallinity degree of 53 %, which is similar to the values reported in literature. Xu et 
al. [28] performed PHB annealing measurements at different temperatures above glass 
transition and found a maximum crystallinity degree of 56.8 %. Amico et al. [29] study 
the thermal properties of the PHB filled with clays and reported a crystallinity of 66 % 
for pure polymer that slightly decreases with the incorporation of the clays into the 
polymer matrix. 
Thermal instability is one of the major drawbacks of the PHB since the decomposition 
temperature of the polymer is close to the melting point. Figure 5.6 shows the TGA data 
obtained for the PHB fiber mats at various heating rates. A major weight loss process 
was observed between 200 and 350 ºC. No loss of volatiles was found below 200 ºC 
showing the absence of solvents remains used in electrospinning process and water (due 
to the hydrophobic nature of the polymer). Two main temperatures were revealed: the 
initial degradation temperature (Tinitial), which is defined as the temperature at which the 
experimental curves deviates from the tangent line that the mass evolution follows 
before degradation, and the onset temperature (Tonset) that is calculated by extending the 
pre-degradation portion of the curve to the point of the interception with a line drawn as 











































































































Figure 5.6. Thermal degradation of PHB electrospun mats: a) Thermogravimetric results for 
electrospun mats, b) Derivative, DTG, results obtained for the different heating rates, c) Ozawa-
Flynn-Wall plots, and d) Evolution of the activation energy. Sample obtained with tip inner 
diameter of 0.5 mm, a feed rate of 10 mL.h-1 and an applied field of 1.25 kV.cm-1. 
 
The kinetics of the mass loss process can be investigated by analyzing experiments 
performed at different heating rates (Figure 5.6a and 5.6b). As expected, increasing 
heating rate shifts the onset temperature of the degradation process to higher 
temperatures, not affecting any of the main characteristics of the process itself. 


















where 𝑤0, 𝑤(𝑡) and 𝑤∞ are the weights of the sample before degradation, at a given 
time t and after complete degradation, respectively. The rate constant 𝑘(𝑇) changes 
with the absolute temperature according to the Arrhenius equation. 𝑓(𝛼(𝑇)) represents 
the net results of elementary steps, as the polymer degradation is often a chain reaction. 
For the reaction model 𝑓(𝛼(𝑇)) = (1 − 𝛼)𝑛, where n is the reaction order, assumed to 
remain constant during the degradation process. 
The isoconversional method of Ozawa-Flynn-Wall (OFW) [30, 31] is a method which 
assumes that the conversion function 𝑓(𝛼) does not change with the variation of the 
heating rate for all values of the degree of conversion 𝛼. It involves measuring the 
temperatures corresponding to fixed values of 𝛼 from the experiments at different 










where A is a pre-exponential factor (min-1), R is the gas constant (8.31 J.mol-1.K-1), and 
𝐸𝑎𝑐𝑡 is the activation energy of the degradation process. By the plotting ln(𝛽) vs 
1
𝑇⁄ , 
activation energy can be obtain from the slope of the resulting straight line, regardless 
of the reaction order of the system. The validity of this model is based in the assumption 
that the conversion at the peak maximum is constant for the different heating rates [30, 
31]. The linear fitting for the PHB as-spun mats is represented in Figure 5.6c. The 
evolution of the activation energy with the degree of conversion reveals to be constant 
and a value of 91 kJ.mol-1 was obtained. Previous reports have shown that the activation 
energy value of the degradation fall within a wide range 100 - 235 kJ.mol-1. A clear 
explanation for the wide variation of 𝐸𝑎𝑐𝑡 has yet to be provided. Despite this 
uncertainty, the random β-elimination scission has been widely held as the exclusive 
degradation mechanism of PHB based on typical structures of pyrolysis products, i.e. 
crotonic acid and oligomers with a crotonate end-group [32, 33]. Recently, an E1cB 
(5.3) 
(5.4)  




mechanism proceeding via α-deprotonation by a carboxylate anion to produce the same 
products was proposed [34].  
 
5.3.4. Cell viability 
 
Fiber mats surface energy was estimated by water contact angle measurements on a 
PHB film and in the as-spun membranes. The water contact angle measured for the 
polymeric film was 77 ± 2º, similar to the values reported in the literature [35]. For the 
as-spun membranes the calculated contact angle was 126 ± 3º, which reveals a strong 
increase of the hydrophobicity due to morphological variations. This behavior is 
common to other polymeric systems obtained by electrospinning such as PLA [36].   
PHB shows potential for biomedical and tissue engineering applications such as bone 
repair and drug-carriers [37]. Electrospinning uses many times toxic solvents that could 
eventually prevents the use of electrospun membranes in biomedical applications. MTT 
tests were used to characterize proliferation and viability of cells on PHB as-spun fiber 
membranes throughout 3 days of culture. The absorbance (A) was measured at 570 nm 
for all the samples at each time. It was observed for the first 3 days that electrospun 
PHB fiber mats prepared under the above described method and conditions do not 



























Figure 5.7. MTT absorbance results after cells seeded for 0 and 3 days on PHB fibers. Values 
are mean ± SD. 
 






PHB was dissolved in a mixture of CF and DMF and processed by electrospinning at 40 
ºC. The addition of DMF to the solvent solution turns the polymer membrane more 
stable. Smooth randomly oriented fibers without beads and ribbons were obtained. 
Moreover, it was observed that an increase of the applied electric field is associated to 
an increase of the fiber average diameter until a mean diameter of 2.01 m for an 
applied electric field of 1.50 kV.cm-1, but for higher electric fields, a decrease of the 
fiber diameter was observed, due to the jet instability and fiber stretching. On the other 
hand, the increase of the tip inner diameter promotes a decrease of the fiber average 
diameter and a broader distribution. Fiber around 500 nm was obtained by decreasing 
down to 7 % the concentration of PHB in the solution. 
Infrared spectroscopy showed that the changes in the processing parameters do not alter 
the crystalline phase present in the polymer. Moreover, the crystallinity of PHB film 
and as-spun membranes are similar, around 53 %. Thermogravimetric results of the as-
spun membranes show that polymer degradation occurs in single step degradation 
process, with activation energy of 91 kJ.mol-1. 
MC-3T3-E1cell adhesion was not inhibited by the fiber mats preparation, indicating the 
suitability of the material for biomedical applications. 
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6. Superhydrophilic plasma treated poly(L-lactic acid) 
electrospun membranes for biomedical applications 
Surface characteristics and, in particular, wettability, are very important properties of 
materials for tissue engineering applications. This chapter describes the surface 
wettability modification of electrospun PLLA membranes and films after argon and 
oxygen plasma treatments. The influence of the plasma treatment gas, time and power 
in the physico-chemical properties and contact angle were studied and superhydrophilic 
membranes were obtained. Cell viability studies were also performed in both plasma 
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Biomaterials used as extracellular matrixes in tissue engineering applications play a key 
role in supporting cells and/or biologically active molecules to promote the repair of 
damage tissue and/or tissue regeneration [1]. In particular, extracellular matrixes based 
on biodegradable polymers such as PLLA have been extensively studied once they can 
be easily processed in a variety of forms [2]. PLLA is an aliphatic semi-crystalline 
polyester that can be produced from renewable sources, such as corn or sugar cane [3]. 
Due to its biocompatibility and biodegradability through hydrolytic scission of the ester 
groups into lactic acid, with a degradation rate that matches the healing time of 
damaged human tissues, low toxicity and proper mechanical characteristics, this 
polymer has been attracting strong interest for uses in tissue repair and regeneration [4, 
5]. Moreover, its piezoelectric properties (d25 = 10 pC.N-1) are also an advantage that 
can be used to stimulate tissue by mechano-electrical transduction [6, 7] in order to 
implement active scaffolds [7, 8], not just acting as passive supports for cells.  
Electrospun fiber membranes based on PLLA are particularly appropriate for tissue 
engineering applications due to their large surface area, small ﬁber diameters and 
porous structure [2]. It was demonstrated that PLLA fibers promote cell adhesion and 
proliferation [9]. [10]. The major drawback of these fibrous membranes for tissue 
engineering are associated to the PLLA hydrophobicity, limiting their applicability, due 
to hindered cell-material interaction [11]. As reported in chapter 2 several methods can 
be used to modify the surface properties of the materials being plasma treatment one of 
the most extensively used methods to modify the chemical and physical properties of 
polymers without affecting their bulk characteristics. The success of plasma treatment is 
associated to the selection of plasma source type (oxygen, argon, nitrogen and 
acetylene, among others), treatment time and power [12, 13].  
The surface of PLLA can be modified by several gases such as argon (Ar), Ar-NH3/H2, 
oxygen (O2) and nitrogen (N2) [14]. It has been shown that a significant decrease in 
contact angle occurs after Ar plasma treatment in PLLA films (~41º) due to 
development of oxygen-containing groups on the modiﬁed surface [15] and under Ar-
NH3/H2 gas plasma treatment in PLLA membranes (~49º) and in electrospun fibrous 
scaffolds (~0º) through the introduction of nitrogen-containing surface groups, such as 
amine (-NH2) [16]. Also O2 and N2 can be used to improve the hydrophilicity of PLLA 
surfaces, with a signiﬁcant decrease (75 %) in contact angle due to the increase of the 




number of polar groups formed during the plasma treatment [17]. However, to the best 
of our knowledge, there is no work reported on O2 and Ar plasma treatment for PLLA 
to achieve superhydrophilic surfaces [16]. In this work, the effects of O2 and Ar plasma 
treatments on PLLA electrospun PLLA membranes and films surface wettability and 
the variation of the treatment time were investigated. Furthermore, the inﬂuence of 
plasma treatment on ﬁber morphology, surface composition and degree of crystallinity 
were evaluated. 
 
6.2. Experimental section 
 
6.2.1. Materials  
 
Purasorb PL18 PLLA, with an average molecular weight of 217.000–225.000 g.mol−1, 
was purchased from Purac; DMF from Merck and dichloromethane (MC) from Sigma 
Aldrich. Materials were used as provided. 
 
6.2.2. Sample preparation 
 
PLLA electrospun membranes were processed according to a previously reported 
method [4]. Briefly, a 10 wt % solution of PLLA in DMF/MC was prepared under 
magnetic stirring at room temperature until complete dissolution of the polymer. Then, 
the polymer solution was placed in a plastic syringe (10 mL) fitted with a steel needle 
with inner diameter of 0.5 mm. The electrospinning procedure was conducted at 20 kV 
with a high voltage power supply from Glassman (model PS/FC30P04) with a solution 
feed rate of 0.5 mL.h-1 applied with a syringe pump (from Syringepump). The randomly 
oriented electrospun membranes were collected in an aluminum plate. PLLA ﬁlms were 
obtained by casting from the solution used for electrospinning and subjected to brief 
annealing, at 80 ºC, during 30 min, to allow solvent evaporation. 
 
6.2.3. Surface modification 
 
Surface treatment was conducted in a Zepto plasma chamber Diener Electronics (Ø = 
105 mm, L = 300 mm, V = 2.6 L) equipped with a 40 kHz radio frequency plasma 




generator. The base pressure of system (obtained before plasma ignition) was 20 Pa. 
Plasma treatments were performed independently with Ar and O2, used as working 
gases, for different times from 5 to 970 s and plasma powers from 10 to 100 W under a 
total pressure of 80 Pa.  
 
6.2.4. Sample characterization 
 
Fiber morphology was analyzed using scanning electron microscopy (SEM, Quanta 
650, from FEI) with an accelerating voltage of 5 kV. The samples were previously 
coated with a thin gold layer using a sputter coating (Polaron, model SC502). Surface 
morphology and roughness of the PLLA films were studied by Atomic Force 
Microscopy (AFM) using a VEECO CP II AFM working in the tapping mode. A Si 
probe, RTES- PA-CP with a spring constant 20–80 N.m-1 was used. The provided 
roughness value (Ra) represents the arithmetic average of the deviations from the center 
plane of the sample. 
Wettability of the samples was determined by measuring the contact angle as described 
in experimental section of chapter 2. XPS and FTIR analysis were performed as 
described in experimental section of chapter 2.  
DSC was performed in a Perkin–Elmer, model Pyris-1 acquiring data from 30-200 ºC, 
with a heating rate of 10 ºC.min-1, under nitrogen purge. The samples were cut in small 
pieces and placed into 40 µL aluminum pans. The degree of crystallinity (∆Xc) was 







Where ∆H is the area under the thermogram between 65 and 160 ºC, and ∆Hom is the 
melting enthalpy (93.1 J.g−1) [4]. 
 
6.2.5. Cytotoxicity assay 
 
The indirect cytotoxicity evaluation of the samples was conducted adapting the ISO 
10993-5 standard test method.  




The extraction media was prepared by immersing the samples (6 cm2.mL-1) in a 24-well 
tissue culture polystyrene plate with DMEM, (Gibco) containing 1.0 g.L-1 glucose 
supplemented with 10 % FBS, (Biochrom) and 1 % P/S, (Biochrom), at 37 ºC in a 95 % 
humidified air containing 5 % CO2 and incubated for 24 h. A 20 % of DMSO (Sigma 
Aldrich) was used as a positive control and the cell culture medium was employed as 
negative control.  
Furthermore, MC3T3-E1 pre-osteoblast cells were seeded in the 96-well tissue culture 
polystyrene plate at the density of 2×104 cells.mL-1 and incubated for 24 h to allow cell 
attachment on the plate. After 24 h, the culture medium from the 96-well tissue culture 
polystyrene plate was removed and the as-prepared extraction media were added to the 
wells (100 µL). Afterward, the cells were incubated for 72 h and the cell viability 
evaluation was quantified with MTT (Sigma Aldrich) assay. 
The MTT assay measures the mitochondrial activity of the cells, which reflects the 
viable cell number. After 72 h, the medium of every well was removed and fresh 
medium containing 10 % MTT solution (stock solution of 5 mg MTT.mL-1 in PBS 
solution was added. The viable cells with active metabolism convert MTT into a purple 
coloured formazan product. After 2 h of incubation, the MTT crystals were dissolved 
with DMSO and the optical density was measured at 570 nm.  
All quantitative results were obtained from four replicate samples and controls and 
analyzed as the average of viability ± standard deviation (SD). The cell viability 
percentage was calculated according the Equation 3.1 [18]. 
 
6.3. Results and discussion 
 
Plasma treatment was performed at different times (from 5 to 970 s) and powers (from 
10 to 100 W for both Ar and O2 gases). In the following, the results will be shown for 




Morphology, topography and physico-chemical variations of the samples, if any, caused 
by the plasma treatment would be larger and more clearly quantified for the more 
aggressive plasma treatment conditions, achieving the desired hydrophilic membranes. 




Thus, those analysis were performed in the electrospun membranes and films with the 
largest plasma treatment time (t = 970 s) and power (P = 100 W). 
Thus, Figure 6.1 show SEM pictures of the untreated (Figure 6.1a) and treated 
membranes under Ar (Figure 6.1b) and O2 (Figure 6.1c) at t = 970 s and P = 100 W as 
well as the histogram of the fiber diameters. The histograms of the fiber diameters were 
determined from the corresponding SEM images with the ImageJ software and taking 
into account 50 fibers. 
 
 
Figure 6.1. SEM images of electrospun PLLA membranes: a) untreated and plasma treated with 
b) argon and c) and d) oxygen at t = 970 s and P = 100 W. 
 
As can be possible to observe PLLA fibers were successfully electrospun into a non-
woven mesh with smooth fiber surface without the presence of beads (Figure 6.1a). 
After Ar plasma treatment (Figure 6.1b) the appearance of fiber mesh is similar to the 
pristine ones. Some fiber joining can be observed in Figure 6.1c and 6.1d (higher 
magnification) on the fibrils surface treated by O2 probably related to surface polymer 
melting of the smaller fibers due to the high energy supplied by the plasma source [13]. 




Furthermore, fibers get a flat configuration after O2 plasma. This important fiber 
modification, occurring at a larger scale, will superimpose any surface roughness 
variation, as it will be shown to occur in the film samples, and will determine the 
wettability observed. However, no complete fiber melting was detected showing the 
membrane still open space between fibers.   
The influence of Ar and O2 plasma treatments on fiber mean diameter was determined. 
Pristine PLLA mats present a mean average size of ~830 ± 282 nm (Figure 6.2a). After 
plasma treatments an average size of ~ 866 ± 361 nm and 1179 ± 397 nm were observed 
for Ar and O2, (Figure 6.1c and 6.1d, respectively). Thus, Ar treatment does not induce 
significant variation of the fiber diameter, but O2 plasma treatment, as leads to an 
increase of the average fiber diameter as a result of fiber joining. 
The influence of the plasma treatment on the surface morphology and roughness of the 
polymer was studied by AFM in pristine and plasma treated PLLA films, due to the 
small size of the fibers. Figure 6.2 shows a 3D plot representation of PLLA surface (2 × 
2 μm2) obtained by AFM. It is shown that both Ar and O2 plasma treatments induce 
changes in the surface morphology of PLLA that depends on the type of gas used in the 
plasma treatment. In general, ion etching during plasma treatment usually leads to a 
roughness increase in the polymer surface [16]. The surface of the untreated PLLA is 
characterized by a mean surface roughness (Ra) of 0.78±0.10 nm (Figure 6.2a). Ar 
plasma treatment does not induce significant changes in the Ra (0.85±0.63 nm) (Figure 
6.2b). However, after O2 plasma treatment, the surface roughness of PLLA increases to 
3.4±2.1 nm. The increase in roughness is associated to ion etching during plasma 
treatment that can be followed by mass loss related to bond scission of PLLA and 
reactions of the radicals generated in the PLLA chains upon plasma exposure [16, 19]. 
When polymers are exposed to plasma, plasma cleaning and plasma etching occurs on 
the polymer surfaces [12]. As PLLA contains O2 functionalities (ester groups), its 
surface presents high susceptibility to plasma etching [20]. Thus, it is concluded that a 
treatment time of 970 s, under O2, promotes etching, which is not observed under Ar 
plasma.  
 





Figure 6.2. AFM images of the surface microstructure (2 × 2 µm scans) of PLLA films. a) 
Untreated PLLA films, b) PLLA plasma treated films (970 s and 100 W) with Ar and c) with O2 
gas plasma. The average Ra roughness of the samples are a) 0.78 nm, b) 0.85 nm and c) 3.4 nm, 
respectively. 
 
6.3.2. Chemical surface variations 
 
Plasma treatment generally leads to a surface modification process by the cleavage of 
the polymer molecular chains promoting the formation of free radicals that activates the 
surface [13]. To evaluate the quantitative elemental composition differences between 
the PLLA electrospun membranes and films before and after the plasma exposure time, 
a XPS analysis was performed. The results obtained for untreated membranes and films 
for the maximum plasma exposure time under Ar and O2 are presented in Figure 6.4.  

















































































































































Figure 6.3. XPS results of untreated and treated PLLA electrospun membranes and films under 
O2 and Ar plasma for a plasma treatment of 970 s with a power of 100 W: a, b) XPS survey scan 
c; d) C1s scan spectra and e, f) O1s spectra. 




Figure 6.4a and 6.4b show that plasma exposure time does not induce relevant chemical 
changes in the composition of PLLA. In both pristine and plasma treated samples just 
carbon and oxygen were detected in the XPS spectra, due to the chemical structure of 
PLLA. Figure 6.4 shows the individual components of C1s (Figure 6.4c and 6.4d) and 
O1s (Figure 6.4e and 6.4f). From Figure 6.4c and d it is observed that PLLA fibers and 
films show three main C1s peaks at 284, 286 and 289 eV, characteristics of C-C/C-H, 
C-O and COO groups, respectively. The peaks at 532 and 533 eV in Figure 6.4e and 
6.4f for O1s scanning spectra are assigned to C=O and C-O groups, respectively. It can 
be observed a low level oxidation process in the PLLA film surface, while for PLLA 
fibers treated with O2 plasma the variations are within the experimental error. 
Table 6.1 summarizes the XPS analysis for the % of elemental composition and the 
oxygen to carbon ratio (O/C) before and after the plasma exposition. The carbon and 
oxygen amounts present in PLLA untreated fibers are approximately 70 and 30 %, 
respectively.  
 
Table 6.1. Surface chemical composition of untreated PLLA membranes and films modified by 
O2 and Ar plasma at different treatment times. 
Elemental composition (%) 
Surface C O O/C 
Untreated membranes 70.0±0.2 30.0±0.2 0.4 
O2 treatment time (s)       
10 68.0±0.2 32.0±0.2 0.5 
970 69.0±1.1 31±1.1 0.4 
Ar treatment time (s)       
25 64±0.6 36±0.6 0.6 
970 66±0.6 34±0.6 0.5 
Untreated Film 68±1.6 32±1.6 0.5 
O2 treatment time (s)       
10 65±1.7 35±1.8 0.5 
970 65±1.2 35±1.2 0.5 
Ar treatment time (s)       
25 68±1.2 32±1.2 0.5 
970 66±0.3 34±0.3 0.5 
 




Table 6.1 shows PLLA films values of approximately 68 % and 32 % of carbon and 
oxygen atoms, respectively. After O2 and Ar plasma treatments, the amount of carbon 
atoms slightly decrease while the oxygen content increases being this increase more 
noticeable for treated PLLA films and for fibers exposure to Ar plasma. It was observed 
that the O/C ratio shows a small increase from 0.4 to approximately 0.5 in fibers and 
films, indicating that small chemical reactions occur in the fibers and films during 
plasma exposure under Ar and O2. This slight increase can be explained by the scission 
of the C-H bond from the polymer chains due to the interaction of the O2 and Ar plasma 
with the PLLA surface. During plasma treatments, the scission of carbon-hydrogen 
bond (C-H) due to the strength of the C-H (410 kJ.mol-1) when compared to C=O (745 
kJ.mol-1) bonds induces radicals formation on the surface. After the activation of the 
surface, the free radicals can interact with the oxygen from air exposure leading to the 
formation of hydroperoxides groups enriched in oxygen, increasing the amount of O1s 
(Figure 6.4f). These compounds are highly unstable and can thermally decompose 
producing secondary radicals that subsequently are able to react with air exposure, 
originating newly formed C-O and C=O groups and therefore increasing oxygen 
concentration [13]. These considerations are in agreement with Table 6.1 where it is 
possible to observe that the carbon content slightly decreases when the plasma 
modiﬁcation occurs. Figure 6.5 shows the possible chemical modifications that can lead 
to variations in the amount of carbon and oxygen contents in the PLLA surface of fibers 
and films. The formation of these polar groups on the PLLA surface leads to an increase 
in the hydrophilicity of the treated samples.  
 






Figure 6.4. Schematic representation of Ar and O2 plasma treatments on PLLA electrospun 
membranes and films. Plasma treatment introduces free radicals that can react with oxygen. 
 
6.3.3. Physical - Chemical characterization 
 
FTIR-ATR measurements were used to evaluate possible chemical changes in the 
PLLA polymer chain of electrospun membranes and films after a plasma exposure time 
of 970 s at 100 W. Figure 6.3a shows the infrared spectra for PLLA electrospun 
membranes and films before and after plasma exposure. The chemical structure of 
PLLA is formed by the repetition unit of -CH-C=O-O- [21]. As it is observed that no 
noticeable variations occurs between membranes and films or after plasma treatment 
under Ar and O2 gas. All samples are characterized by the bands at 755 cm
-1 and 870 
cm-1, both characteristics of CH3 stretching and rocking, assigned to the crystalline and 
amorphous phase, respectively [22]. The absorption band at 1044 cm-1 is attributed to 
the stretching vibration of the C-CH3 bond. The bands at 1130, 1357 and 1450 cm
-1 are 
associated to rs (CH3), δ(CH) and δas(CH) stretch, respectively. The 1083, 1185, 1271 
and 1747 cm-1 absorption bands, characteristics of the presence of oxygen compounds, 




are ascribed to υs (C-O-C), νas (C–O–C) + ras (CH3), ν (CH) + ν (C-O-C) and ν (C=O), 
respectively [22]. As it has not been observed differences between the PLLA FTIR 
spectra before or after plasma treatments for both fiber mats and films, indicating that 
any chemical modification if present should have taken place at the surface and, 
therefore, can be analysed by XPS. 
 
Figure 6.5. Physical-chemical characterization of electrospun PLLA membranes and films: a) 
and b) FTIR-ATR spectra and c) and d) DSC curves of untreated and treated PLLA electrospun 
membranes and films for a plasma treatment for 970 s at 100 W with Ar and O2. 
 
The thermal characterization of the PLLA samples was performed by DSC (Figure 6.3c 
and Figure 6.3d). All samples exhibit a strong endothermic peak at around 60 ºC 
corresponding to the glass transition and a single melting peak in the region between 
140-160 ºC, in agreement to [4]. The melting peak in the PLLA films does not appear as 
















































































































clearly as in the fibers indicating a lower degree of crystallinity. Further, no exothermic 
features are detected in the films, leading to conclude that there is no polymer 
crystallization during the DSC heating scans. On the other hand, untreated and treated 
PLLA electrospun membranes crystallizes during the DSC heating scan, showing a 
broad exotherm, immediately above the glass transition, in the range of 65-110 ºC, with 
a cold crystallization peak around 85 ºC. The cold crystallization behavior results from 
the ordering of PLLA molecular chains in a regular array above the glass transition, 
leading to the formation of a well-defined crystal structure. This fact shows that 
numerous crystal nuclei are present in the polymer as a result of the non-equilibrium 
chain conformations that result during the electrospinning process [4], which does not 
occur in the films. The degree of crystallinity of the samples was determined using 
Equation 6.1. It was observed that Ar and O2 plasma treatments do not promote changes 
in the degree of crystallinity of films and membranes untreated PLLA ones. Both, 
electrospun mats and films are nearly amorphous, the degree of crystallinity of the films 
being ~ 4 % as evaluated by the area under the melting peak. The degree of crystallinity 
of the membranes is similar (as calculated by subtracting the cold crystallization from 
the total melting peak [4]) but reaches a maximum degree of crystallinity of ~32 % after 
cold crystallization. Again, this is similar for plasma treated membranes, indicating that 
the plasma effects are just confined to the surface of the membranes.  
 
6.3.4. Samples wettability 
 
Once the effect of the plasma treatment in the morphological and physico-chemical 
properties of the samples is understood, it is important to evaluate the effect in the 
wettability of the membranes. Plasma treatment of the samples generally causes a 
reduction of the contact angle and an increase in the surface energy. The contact angle 
measurements for PLLA samples before and after Ar and O2 plasma treatment are 
presented in Figure 6.6. The water surface contact angle of the untreated ﬁbers is 141 ± 
4.3º being in agreement with the strong hydrophobicity associated to PLLA [3]. Figure 
6.6 also show that the surface wettability of PLLA fibers and films depends on plasma 
treatment composition, time and power. Increasing argon plasma treatment time for a 
power of 100 W leads to a significant decrease in the contact angle of the PLLA fibers 
(Figure 6.6a), indicating a more hydrophilic surface. For argon treatment times higher 




than 20 s, the PLLA electrospun fiber mats become superhydrophilic with a total water 
droplet absorption. Similar results are observed by varying plasma power for a given 
time (data not shown). Thus, for a treatment time of 20 s it was verified that 70 W is the 
minimum plasma power needed to achieve superhydrophilic membranes. The O2 plasma 
treatment also enhances the PLLA surface hydrophilicity (Figure 6.6c), and a treatment 
time of 10 s leads the formation of superhydrophilic membranes. In fact, a minimum 
power plasma of 40 W is needed for obtaining superhydrophilic membranes for a 
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Figure 6.6. Inﬂuence of Ar plasma treatment time in the contact angle value for a) PLLA 
electrospun membranes and b) PLLA films and the influence of O2 plasma treatment time for c) 
PLLA electrospun membranes and d) PLLA films at a power of 100 W. The bars in the graph 
are the standard deviations. 




The decrease of the contact angle in the PLLA films after plasma treatment with both 
plasma treatment gases is not as pronounced as for the electrospun membranes. Figure 
6.6b and 6.6d show a decrease from 78 ± 2.6º in untreated PLLA films to approximately 
60º for both Ar and O2 treatments. The fact that hydrophilic electrospun membranes are 
obtained is thus associated to the variation of the contact angle of the polymer itself, as 
shown by the variations in the films, and the capillarity of the electrospun membranes, 
which accounts for the major part of the effect. Variations in the polymer surface 
roughness and polymer mat morphology leads to an associated variation of the surface 
tension of the membrane, leading thus to a penetration of the water drop in the 
membrane and the consequent hydrophilic behavior [13].  
 
6.3.5. Cell viability studies 
 
For tissue engineering applications, it is important to evaluate whether plasma 
treatments lead to cytotoxicity of biocompatible PLLA films and electrospun 
membranes due to the induced surface modifications. The effects of polymer extract 
medium on the metabolic activity of MC3T3-E1 pre-osteoblast cells was performed 
using MTT assay after 72 h (Figure 6.7). According the ISO standard 10993-5, the 
samples are considered cytotoxic when the cell viability reduction is larger than 30 %. 
So it is possible observed that all the samples are not cytotoxic and thereby the 
treatment with argon or oxygen allow modifying the wettability of the PLLA samples 
with no influence on the toxicity of the material. 
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Figure 6.7. Cell viability of MC3T3-E1 pre-osteoblast cells in contact with as-prepared 




The influence of Ar and O2 plasma treatments in PLLA films and electrospun 
membranes on their morphology, physical-chemical properties and wettability was 
determined.  
A similar fiber mesh and average size was obtained for membranes treated under Ar 
plasma while an increase in average fiber diameter is observed after O2 plasma 
treatment, mainly due to fiber joining. Associated to this effect, there is an increase in 
surface roughness, as observed in PLLA films surface after Ar and O2 plasma 
treatments. On the other hand, no relevant variations are observed in the degree of 
crystallinity and polymer bond characteristics after the plasma treatments. Both 
electrospun membranes and films being nearly amorphous. The contact angle of the 
samples is dependent on the plasma treatment conditions (used gas, time and power)) 
and it is possible to modify hydrophobic electrospun fiber mats into superhydrophilic 
ones. This effect is obtained in the fibers mainly due to variations of the surface tension 
as plasma treatment in the films results in roughness variations. The formation of free 
radicals and to an increase of the polar groups in the PLLA surface, leading to lower 
variations of the surface water contact angle. Independently of the plasma treatment, the 




obtained samples are not cytotoxic. Therefore, a way is shown to obtain 
superhydrophilic membranes suitable for biomedical applications.  
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7. Poly(L-lactic acid) and - poly(L-lactic acid)/CoFe2O4 
composite microspheres obtained by oil in water emulsion 
for biomedical applications 
This chapter describes the production of biodegradable neat PLLA and magnetic PLLA 
microspheres by an oil in water emulsion method using PVA solution as emulsifier 
agent. The separation of the microspheres in different size ranges by centrifugation is 
presented and the stability of the neat and magnetic PLLA microspheres at different 
pH’s evaluated. The study of the influence of production method in the physico-
chemical properties of the PLLA microspheres was also performed, together with the 
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As reported in chapter 3, piezoelectric polymers can be used as a bioactive 
electromechanically responsive materials for improving tissue engineering strategies 
[1]. Studies reveal that electrical stimulation influences cell proliferation, diﬀerentiation 
and regeneration [2] both under static [3, 4] and dynamic conditions [5]. These results 
show the potential of such materials for the development of a new generation of 
wireless electrically active scaﬀolds and structures for biomedical applications [2]. 
Magnetic nanoparticles and, in particular magnetostrictive ones, offer also strong 
application potential in the biomedical field, including drug delivery and biomolecular 
targeting, among others, triggered by external magnetic ﬁeld. [6]. When combined with 
the piezoelectric effect it offers the possibility of developing magnetoelectric 
composites [7] that convert magnetic stimuli into electrical ones, leading to novel tissue 
engineering strategies [8, 9].  
PLLA is a piezoelectric polymer and is electroactive properties were successfully 
explored for technological applications, being the β- form is the mainly responsible for 
the piezoelectric properties [10, 11].  
PLLA microspheres can be produced by several methods based on different 
physicochemical methods, including solvent extraction/evaporation from an emulsion, 
aggregation by pH adjustment or heat, coacervation (phase separation), interfacial 
polymerization, ionic gelation, electrospray and spray drying, among other techniques 
[2, 12]. Emulsion-solvent evaporation method is among the most commonly used 
methods for the production of PLLA microspheres [13]. In this process, a solution 
containing the polymer is emulsified in a non-solvent phase (continuous phase), in the 
presence of an stabilizing agent, using a variety of physical methods such as 
homogenization and sonication [14]. PLLA microspheres of relatively small size and 
uniform size distribution can be obtained from an aqueous continuous phase containing 
PVA as stabilizer [14, 15].  
PLLA neat microspheres or in the form of polymer blends or composites find 
applicability in the treatment of ocular pathologies, namely in regenerative medicine for 
retinal repair or other intraocular pathologies [12] and drug delivery [6, 16, 17]. 
Despite these interesting proofs of concept, there is a lack of systematic study reporting 
the effect of the processing parameters in the overall microparticles physico-chemical 
properties as well as on the encapsulation efficiency, magnetic properties and 




biocompatibility of composite spheres with magnetic nanoparticles. In particular, the 
introduction of highly magnetostrictive nanoparticles, such as CoFe2O4, has not been 
reported. Thus, this work, reports on an effective method for the preparation of pristine 
and magnetic PLLA microspheres based on CoFe2O4 nanoparticles. Further, size and 
physico-chemical properties of the particles were evaluated as well as their suitability 




7.2.1. Materials  
 
PLLA with an average molecular weight of 217.000 – 225.000 g.mol-1, (Purasorb PL18) 
and poly(vinyl alcohol) (PVA) with an average molecular weight of 13.000 – 23.000, 
98 % hydrolyzed were supplied by Purac and Sigma Aldrich. CF, from Merck, was used 
for the dissolution of the polymer. CoFe2O4 nanoparticles were purchased from 
Nanoamor with dimensions between 35 and 55 nm, and used as received. 
 
7.2.2. Preparation of neat and magnetic PLLA microspheres 
 
PLLA was dissolved in chloroform to achieve a polymer concentration of 3 % (w/v).  
CF was used due to its ability to solubilize large amounts of polymer [18], and low 
miscibility with water, leading to a decrease of the amount of PVA adsorbed to the 
polymer-organic solvent–water interface [15]. 
The polymer solution was dissolved at 60 ºC under constant stirring until complete 
polymer dissolution. Then, the mixture was added into the emulsion of 0.5 % (w/v) 
PVA solution. Polymer and surfactant concentrations were selected based on previous 
works [19]. The emulsified suspension was mechanically stirred and the solvent was 
continuously evaporated overnight at room temperature. The resulting microspheres 
were washed with distillated water and isolated by different centrifugations at 1000, 
2500 and 4000 rcf’s during 5, 10 and 15 min, respectively. This procedure was repeated 
5 times. Finally, polymer microspheres were freeze dried in a vacuum freeze-drying 
machine (Christ Alpha 2-4 LD Plus from BioBlock Scientific) for 48 h. Magnetic 
microspheres were also prepared by the aforementioned method. After completely 




polymer dissolution 10 % (w/w) of CoFe2O4 nanoparticles were added to polymer 
solution. The next steps were the same used for neat microspheres preparation. 
 
7.2.3. Characterization of the PLLA microspheres 
 
The morphology of the microspheres was analyzed using SEM as described in 
experimental section of chapter 2. Spheres average diameter and distribution was 
calculated over approximately 60 micropheres using SEM images with 50000 X 
magnification and the ImageJ software. 
FTIR-ATR and DSC analysis were performed as described in the experimental section 









where ΔHm is the melting enthalpy, ΔHcc the enthalpy of cold crystallization and 𝛥𝐻𝛰𝑚 
represents the PLLA theoretical value of the melting enthalpy of a fully crystalline 
sample (93.1 J.g−1) [20]. 
 
Dynamic light scattering (DLS) was used to obtain the average hydrodynamic size and 
size distribution of the microspheres. A Zetasizer NANO ZS-ZEN3600 (Malvern) was 
used and measurements were performed at 25 °C using the appropriated sample dilution 
in ultrapure water to prevent multi scattering events. The average and standard deviation 
value for each sample was obtained from 6 measurements. 
Zeta potential was used to obtain the surface charge of the microspheres with a 
Zetasizer NANO ZS-ZEN3600. The zeta potential of the PLLA microparticles was 
evaluated at different pHs (2, 4, 7 and 9). Solutions of HCl (1 M) and NaOH (1M) were 
added to adjust the pH. The average value and standard deviation for each sample was 


















where ζ is the zeta potential, ΔE and ΔP are the streaming potential and the applied 
pressure, respectively, η is the viscosity of the solution, k the conductivity of the 
solution, Ɛ and Ɛ0 are the permittivity of the test solution and free space (8.85×10-12 F.m-
1), respectively.  
The magnetic behavior of PLLA-CoFe2O4 microspheres was evaluated by a vibrating 
sample magnetometer (VSM) method the difference in the magnetic response obtained 
with and without the application of a 220 Oe DC magnetic field. The magnetic CoFe2O4 
filler content within the microspheres was determined by Equation 7.3 [22]: 
 
𝐶𝑜𝐹𝑒2𝑂4 𝑤𝑡. %𝑚𝑖𝑐𝑟𝑜𝑠𝑝ℎ𝑒𝑟𝑒𝑠 =
𝑆𝑎𝑡𝑢𝑟𝑎𝑡𝑖𝑜𝑛 𝑚𝑎𝑔𝑛𝑒𝑡𝑖𝑧𝑎𝑡𝑖𝑜𝑛 𝑚𝑖𝑐𝑟𝑜𝑠𝑝ℎ𝑒𝑟𝑒𝑠




7.2.4. Cell culture  
 
MC3T3-E1 cells (Riken cell bank, Japan) were cultivated in DMEM (Gibco) 1 g.L-1 
glucose containing 10 % FBS (Biochrom) and 1 % P/S (Biochrom) at 37 ºC in a 5 % 
CO2 incubator. 
For cell culture assays, approximately 3 mg of dry PLLA microspheres (with and 
without magnetic nanoparticles) were placed in a 2 mL Eppendorf. For sterilization 
purposes, the microspheres were exposed to ultraviolet (UV) light for 1 h and washed 5 
times with PBS solution for 5 min. After that, the microspheres were placed with 
DMEM without FBS overnight at 37 ºC in a 5 % CO2 incubator. 
For the cell viability assay, MC3T3-E1 pre-osteoblast cells were seeded at a density of 
1.5 x 105 cells/Eppendorf with and without microspheres up to 72 h. In the Eppendorf 
with microspheres, the cells were mixed with the microspheres. Cell pellets without any 
microspheres were used as reference (control +) and only microspheres were used as 
negative control. To quantify the number of viable cell, 3-(4,5-dimethylthiazol-2-yl)-5-
(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS, CellTiter 96-




Aqueous one solution reagent, Promega) colorimetric method was used. In this assay, 
MTS is bioreduced by cells into a formazan product by dehydrogenase enzymes found 
in metabolically active cells. The absorbance of the formazan product measured at 490 
nm is directly proportional to the viable cell number in cell culture. After 72 h, the 
supernatant of each Eppendorf was removed and fresh medium containing MTS 
solution in a 1:5 ratio was added and incubated at 37 ºC in a 5 % CO2 incubator. After 
2 h of incubation, 100 µL of each Eppendorf was transferred in triplicate to a 96-well 
plate and the optical density was measured at 490 nm. Four measurements were 
performed for each sample. The cell viability was determined by Equation 3.1. 
 
7.3. Results and discussion 
 
7.3.1. Polymer morphology and size distribution 
 
Neat PLLA and magnetic microspheres were produced by water-in-oil emulsion (w/o) 
using a PVA solution as a stabilizer agent during the emulsification process in order to 
prevent the coalescence of the microspheres.  
Pristine polymer microspheres show a smooth spherical surface, with a homogeneous 
shape, without concavities or distortions (Figure 7.1a), with a size distribution ranging 
between 0.050 and 0.40 nm with an average size of 0.16 ± 0.062 μm (Figure 7.1b), 
suggesting that the polymer solution was evenly dispersed in the aqueous phase, without 
precipitation of the solids [18, 19]. Higher solution viscosities than the ones use this 
work (see experimental section) creates difficulties in achieving small oil droplets 
homogeneously dispersed in the aqueous phase, leading to bigger microspheres [19, 
23].  
































Figure 7.1. a) Morphology of PLLA microspheres centrifuged at 4000 rcf’s and b) sphere size 
distribution after different centrifugation rates, obtained through measurement with ImageJ 
software. 
Centrifugation of the microspheres at different centrifugation rates allows spheres 
separation by size (Figure 7.1b).Thus, microspheres with average size ranging from 
0.16 ± 0.062 μm down to 3.9 ± 2.0 μm were obtained after centrifugation rates from 
1500 to 4000 rcf.  
Dynamic light scattering allows the measurement of microspheres hydrodynamic size 
and distribution. The behavior of PLLA in ultra-pure water was studied where the 
intensity of scattered light depends mainly on the number of particles and their 
dimensions. The values obtained by DSL where the microspheres size ranging from 1.9 
± 0.039 μm down to 0.46 ± 0.013 μm (Figure 7.2) are different from the ones measured 
after SEM imaging (Figure 7.1), which is ascribed to factors affecting the 
hydrodynamic measurements such as the agglomeration of the particles [24]. For 
agglomerated microspheres the diffusion rate is smaller than for isolated ones, leading 












































































































Figure 7.2. PLLA Particle size distribution obtained by DLS for different speed rotations: a) 
4000 rcf’s b) 2500 rcf´s, c) 1500 rcf’s; and d) sphere size distribution at the different 
centrifugation rates. 
 
With respect to the CoF2O4/PLLA microspheres (Figure 7.3), also smooth spherical 
microspheres were obtained, similar to the ones for pristine PLLA (Figure 7.1). Again, 
centrifugation allows to separate the particles by size, from 2.2 ± 0.60 μm for the lowest 
centrifugation rate to 0.87 ± 0.35 μm for the highest rate (Figure 7.3d). It is thus 
observed that the composite microspheres remain in the same size order as the pristine 
ones, being nevertheless the average size larger for each centrifugation rate. Finally, it 
was not possible to obtain the hydrodynamic size due to higher aggregation and 
sedimentation of the heavier particles during the measurements.  




Figure 7.3. Morphology of the PLLA magnetic microspheres obtained under different 
centrifugation rates: a) 4000 rcf’s, b) 2500 rcf´s and c) 1500 rcf’s. The size distributions (insets) 
were obtained with the ImageJ software. d) Particle size distribution for the different 
centrifugation rates. 
 
7.3.2. Physico-chemical and thermal properties 
 
In order to evaluate possible chemical modifications of the PLLA structure due to the 
production method of the neat and magnetic PLLA microspheres a FTIR-ATR analysis 
was performed. Figure 7.4a shows the FTIR spectra of the neat and composite PLLA 
microspheres. Table 7.1 shows the main absorption bands present in the microspheres 
spectrum. The absorption bands in the region of 830-960 cm-1 for neat and magnetic 
microspheres are assigned to polymer backbone stretching and CH3 rocking [25]. The 
  
 































absorption band at 871 cm-1 is ascribed to CH3 rocking of the amorphous crystalline α-
phase. The presence of the absorption bands at 921 cm-1, 955 and 1510 cm-1 assigned as 
the coupling of the C-C backbone stretching with the CH3 rocking mode, indicating that 
neat PLLA microspheres crystallize into the α-form [20]. The absence of the absorption 
bands at 920 and 1510 cm-1 in magnetic PLLA microspheres indicate that the 
microspheres are probably in the amorphous state, as it will be confirmed later by DSC. 
The vibrational assignments in the region between 1000 and 1500 cm-1 are CH, CH3 and 
C-O-C stretching bands characteristics of the α and α’ forms [25]. The band at ~1451 
cm-1 is assigned to the asymmetric deformation mode of CH3. The region of 1300-1000 
cm-1, is mainly related to the C-O-C stretching vibrations and to C-O-C asymmetric 
vibrations linked with asymmetric CH3 rocking vibrations [25]. 
 
Table 7.1. Characteristic FTIR absorption bands and assignments for neat and magnetic PLLA 
microspheres. 
Wavenumber (cm-1) Absorption bands 
871 CH3 rocking  
921 Coupling of the C-C backbone stretching with the 
CH3 rocking mode 955 
1080 stretching vibration of the methyl group (C-H) 
1180 
C-O-C asymmetric vibrations linked with 
asymmetric CH3 rocking vibrations 
1200 
1210 
1450 Stretching vibration of the methyl group (C-H) 
1750 Stretching vibration of ester carbonyl (C=O). 
 
Finally, the strong band at 1750 cm-1 identifies the stretching vibration of ester carbonyl 
(C=O). At 1080 cm-1 and the weak band at 1450 cm-1 corresponds to the stretching 
vibration of the methyl group (C-H) [26]. Neither modes are totally suppressed, nor do 
new modes seem to appear in neat and magnetic microspheres due to the emulsification 
process. Furthermore, no PVA residues were noticed in the microspheres FTIR spectra. 
 
































































Figure 7.4. a) FTIR spectra b) DSC scans obtained for PLLA microspheres. 
 
Solvent evaporation during the emulsification process of PLLA droplets can affect the 
degree of crystallinity of the polymer, together with other characteristics such as surface 
morphology and porosity [27]. Pristine PLLA microspheres showed a glass transition 
around 55 ºC and a melting transition that starts at ~120 ºC and ends at ~160 ºC with 
maximum at 152 ºC, with absence of a cold-crystallization process. With respect to the 
composite spheres, a shift towards higher temperatures was observed for the Tg and 
melting transition, suggesting that the presence of magnetic nanoparticles hinders 
polymer chains packing. Further, a cold crystallization process starting at ~80 ºC up to 
~130 ºC, with maximum at ~110 ºC was observed after the glass transition process as 
the temperature increased. The presence of a shoulder during melting of the polymer for 
nanocomposite microspheres is also observed, which can be attributed to the different 
crystal sizes present in the samples: ones formed during the processing of the 
nanocomposite polymer particles, made from fragmented crystals, at lower temperature, 
and the higher temperature one due to the cold-recrystallization process that takes place 
during the heating scan itself. The fact that cold crystallization appears only 30 ºC 
above the glass transition indicates that a large number of crystal nuclei had already 
formed in the glass [28]. A second heating scan was recorded after cooling the sample 
from 200 ºC to room temperature. Interestingly, after this process, the sample showed a 
single broad endothermic peak melting temperature, suggesting that the double melting 
peak is due to the presence of small nuclei in the polymer that starts to reorganize and 
crystallize at temperatures above Tg during heating (Figure 7.4b). 
The degree of crystallinity of neat and magnetic microspheres was calculated applying 
Equation 7.1 and a value of 40 % and 17 % was obtained for pristine and magnetic 




nanocomposite particles: the difference in the degree of crystallinity is attributed to the 
interfacial electrostatic interaction between magnetic nanoparticles and the polymer 
chains [29] from the PLLA matrix which hindered the chains packing and consequently 
a decrease of polymer crystallinity. 
Zeta (ζ) potential was used to characterize the surface of the PLLA microspheres at 
different pHs environments. This method is also an important factor for determining the 
stability of PLLA and nanocomposite microspheres against aggregation, when dispersed 
in a liquid such as the cell culture media [30]. Generally, the stability of the 
microspheres in suspension is improved with increasing of the absolute value of zeta 
potential [31]. Polymer surface microspheres are negatively charged and the surface 
charge increases with increasing pH (Figure 7.5). The negative charge of the 
microspheres is attributed to the presence of ionized carboxyl groups from lactic acid on 
particles surface [16], leading the particles to be quite stable in alkaline environments, 
while for more acidic environments (pH ≤ 4) the spheres aggregate, forming clusters 
(Figure 7.5). It was observed that for a pH higher than 5 with a zeta potential of 
approximately -30 mV, the stability of the PLLA spheres increases and a stable 
colloidal dispersion is obtained. This fact can be explained due to the higher repulsion 
of the PLLA spheres hindering microspheres aggregation. At pH 7.4, the PLLA 
microspheres show a larger zeta potential and high negative values (-53 mV) are 
obtained. It is to notice that similar results were obtained for PLA and for PLGA 
nanospheres in neutral buffer [15], with zeta potential of -50 and -45 mV, respectively. 
The results also indicate that the PLLA microspheres produced by the oil in water 
method exhibit sensitivity to pH changes. This can be relevant for drug delivery 
applications with focus on the design and development of carriers for therapeutic and/or 
diagnostic purpose, in which is relevant that microspheres exhibit significant sensitivity 
to environmental variations including pH, among others [30]. For in vivo applications 
and drug attachment it is essential to monitor the colloidal stability of the microspheres 
as it leads to a better circulation time in  blood stream and sustenance in biological 
fluids [30]. The high zeta potential values obtained also indicate that the oil in water 
method does not result in a high adsorption of PVA in the surface of the microspheres. 
With respect to the composite microspheres, they show lower zeta potential absolute 
values comparatively to neat PLLA microspheres, which can be in part attributed to the 
weight difference between nanocomposite particles and pristine polymer, that leads to 
the formation of clusters and consequently higher sedimentation rates, but also to the 




strong surface interaction of the magnetic nanoparticles with the polymer layer which 
also leads to variations in the degree of crystallinity.  



































Figure 7.5. Zeta potential results at different pH for neat PLLA microspheres and magnetic 
PLLA microspheres. 
 
7.3.3. Magnetic properties of the magnetic nanocomposite microspheres 
 
Magnetic properties of the magnetic composite microspheres are critical for biomedical 
applications [32]. The magnetization curves of magnetic microspheres determined by 
VSM technique at room temperature are shown in Figure 7.6. Results show that the 
magnetization of the magnetic microspheres increase with increasing magnetic field 
until gradually reaches saturation. Large magnetic microspheres may have a bigger 
magnetic core compared to smaller particles and consequently, the saturated 
magnetization is higher (Figure 7.6). After the maximum magnetization value, the 
magnetization decreases due to diamagnetic PLLA [17]. The shape and magnetization 
maximum values of the measured hysteresis loops demonstrate that magnetic 
nanoparticles are randomly oriented within the polymer sphere matrix.   

































Figure 7.6. Magnetization curves of the magnetic PLLA microspheres. 
 
Additionally from the hysteresis curves of Figure 7.5 and the saturation magnetization 
value of the pure CoFe2O4 nanoparticles [22] it is possible to estimate, trough Equation 
7.3, the amount of CoFe2O4 nanoparticles within the microspheres (Table 7.2).  
 
























1.0×10-4 2.40×10-4 4.0×10-6 4.0 
Medium 
(1.6 ±0.6) 
6.0×10-4 1.43×10-3 2.38×10-5 4.0 
Large 
(2.2±0.6) 
8.0×10-4 1.99×10-3 3.32×10-5 4.1 
 
In this way, the concentrations of CoFe2O4 nanoparticles in the spheres is lower than the 
ones on the composite solutions, in agreement to previous studies [22, 33], the loading 
efficiency being ~40 %. One possible explanation for this effect is the higher density of 
the CoFe2O4 nanoparticles when compared to the polymer matrix that might cause some 
sedimentation of nanoparticles in the solution during the microsphere formation. 
Further, it is to notice that the filler weight content within the microspheres is the same, 
independently of the sphere size, indicating a homogeneous distribution of the 
nanoparticles in the solution.  




7.3.4. Cell culture 
 
The viability of MC3T3-E1 pre-osteoblast cells seeded in an Eppendorf with and 
without PLLA microspheres was performed by MTS assay and the results are shown in 
Figure 7.7. It is observed observe that the cell agglomerates are viable for all the 
conditions. At 72 h, it was verified the formation of a cell/microspheres pellet in the 
bottom of the Eppendorf (data not shown) as verified in a previous study [2] with PVDF 
microparticles.  
Comparing PLLA microspheres/cells pellet with the cell pellet it is verified a higher 
number of cells after 72 h of cell culture. These preliminary results show that PLLA 
microspheres with and without magnetic nanoparticles can provide a suitable 
environment for cell adhesion and growth. 
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Figure 7.7. MTS results from proliferation assay of PLLA microspheres (with and without 
magnetic nanoparticles)/cells and cells pellets (control +). Results are expressed as mean ± 




Neat and magnetic CoFe2O4 composite PLLA microspheres were prepared by emulsion 
method using chloroform as solvent and a PVA solution as a stabilizer agent. The 
processing method allowed to obtain spherical PLLA microspheres with diameters 




ranging between 0.16 to 3.9 μm for neat PLLA and between 0.8-2.2 μm for composite 
microspheres. The neat and magnetic microspheres are quite stable in alkaline 
environments. However, for more acidic environments (pH ≤ 4), the neat PLLA 
microspheres aggregate, forming clusters.  
No changes occur in the chemical structure of PLLA during the microspheres formation 
and no PVA residues were observed. Both neat and magnetic PLLA present a glass 
transition temperature around 55 ºC, with double melting peaks. The degree of 
crystallinity of neat PLLA microspheres is 40 % after processing and the incorporation 
of the CoFe2O4 nanoparticles into the PLLA sample leads to obtain amorphous magnetic 
microspheres. The encapsulation efficiency of the magnetic nanoparticles is 40 %, 
independently of the particle size. 
Cell viability studies performed with MC3T3-E1 pre-osteoblast cells showed good cell 
proliferation, which demonstrates the proper encapsulation of the cobalt ferrite 
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8. Conclusions and future works 
This chapter presents the main conclusions of the present work, devoted to the 
processing of piezoelectric materials with different morphologies with potential for 
tissue engineering applications and their surface wettability modification. Further, some 
suggestions for future works are also provided. 







The development of new scaffolds with different morphologies has been demonstrated 
as a good approach for improved tissue engineering strategies. The ability to tailor 
morphology, physico-chemical properties, surface wettability and in some cases the 
mechanical properties are crucial to understand the potential of the developed 
biomaterials for a specific tissue application. In particular for some tissues such as 
nervous system and bone, in which electrical and/or electromechanical signals are 
relevant for cell-functions, the use of electroactive materials, in particular piezoelectric 
polymers, for the scaffolds production emerges as a high potential and growing field, 
due to their ability to mimic specific body responses.  
In the present work, scaffolds based on piezoelectric poly(vinylidene fluoride) (PVDF), 
poly(hydroxybutyrate) (PHB) and poly(L-lactic acid) (PLLA) with different 
morphologies, from microspheres, to three-dimensional (3D) scaffolds were obtained, 
in particular for PVDF. Also the modification of the wettability of the PVDF and PLLA 
electrospun membranes was evaluated. 
It was demonstrated that PVDF can be processed into three distinct morphologies: 
microspheres, electrospun membranes and three dimensional scaffolds. Further, due to 
the difficult incorporation of the cell culture medium into the PVDF electrospun 
membranes, plasma treatments under oxygen atmosphere were performed in order to 
promote an increase of cell adhesion. Results showed that surface treatments lead to 
superhydrophilic membranes due to significant surface chemical modifications 
(introduction of oxygen and release of fluorine atoms). The surface treatment allows to 
maintaining the fiber average size (~400 ± 200 nm), electroactive β-phase (42 %) and 
cell viability. PVDF microspheres produced by electrospray with average diameters 
ranging between 0.81 ± 0.34 and 5.55 ± 2.34 µm in the β-phase (63-74 %) also promote 
cell adhesion, demonstrating its potential for tissue engineering applications. Three 
dimensional PVDF scaffolds were produced by three distinct methods: solvent casting 
with particulate and nylon fibers leaching and freeze extraction with poly(vinyl alcohol) 
(PVA) templates. These methods allow the production of structures with different pore 
architectures and porosities. Solvent casting with particulate leaching leads to porous 
formation with sizes between 300-400 µm while using nylon fibers as porogen and 
freeze extraction with PVA templates the pore size of the scaffolds depends to the 
diameter of the sacrificial nylon (60-130 µm) and PVA filaments (316-413 µm). The 




porosity of the scaffolds influences the Young modulus of the constructs. All scaffolds 
are obtained in the β-phase (~45 %) and present a degree of crystallinity in the range 
~33 to 55 %. 
As PVDF is biocompatible but not biodegradable, hindering some specific applications, 
the processing of biodegradable polymers, such as PHB and PLLA, into different 
morphologies (fibers and spheres) has been achieved. Electrospun PHB membranes can 
be produced by electrospinning, the processing parameters influencing fiber average 
size. The polymer crystalline phase (Xc = 53 %) seems to be independent to the 
processing conditions and a single degradation step was observed during the thermal 
degradation. Cell viability studies demonstrated its potential for tissue engineering. 
PLLA can be also produced by electrospinning into electrospun membranes and in films 
by solvent casting. Plasma treatments under Ar and O2 promoted the modification of the 
membrane surface wettability. A decrease in the contact angle and a roughness increase 
in PLLA films were observed and in the case of membranes, superhydrophilic 
membranes were obtained under Ar and O2 plasma treatments. No influence of plasma 
treatment was detected in the physico–chemical characteristics of PLLA. Cell viability 
studies indicated that Ar and O2 plasma treatments does not influence the metabolic 
activity of the cells. 
Neat and magnetic CoFe2O4 filled composite PLLA microspheres with size diameters 
ranging between 0.16 to 3.9 μm for neat PLLA and between 0.8-2.2 μm for the 
composite microspheres were prepared by emulsion method using a poly(vinyl alcohol) 
(PVA) solution as a stabilizer agent. The microspheres are stable in alkaline 
environments. The processing method does not induce chemical changes in the 
chemical polymer structure. Neat PLLA microspheres with a degree of crystallinity of 
40 % were obtained, whereas the incorporation of the CoFe2O4 nanoparticles into the 
PLLA sample leads to obtain amorphous magnetic microspheres. Cell viability studies 
showed good cell proliferation, which demonstrates the proper encapsulation of the 
ferrite nanoparticles and the suitability of the microspheres for biomedical applications. 
Thus, this work demonstrates that the main polymers with suitable piezoelectric 
properties for tissue engineering applications can be processed in a variety of 
morphologies (microspheres, fiber mats, films and three-dimensional scaffolds) that 
allow the implementation of novel tissue engineering strategies. Further, it was shown 
that the wettability of the membranes can be suitably modified by plasma treatment. 
 





8.2. Future work 
 
In the present work, it was proved that it is possible to produce electroactive scaffolds 
with different morphologies. In this sense three main research areas arise as interesting 
studies:  
 
 Influence of the electroactive response and the different morphologies in the cell 
behavior (proliferation and differentiation) of different cell types. 
 
 Development of composites and blends in order to further tune scaffolds 
response, such as the incorporation of magnetic particles and conductive 
polymers to improve the magnetic and electrical stimulation. 
 
 Biofunctionalization of the different scaffolds with biomolecules such as 
specific proteins to enhance cell adhesion and proliferation to the scaffolds that 
will further provide the electromechanical stimuli.  
 
